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EFFECTS OF LIMITING IONS ON THE ABSORPTION 
OF NUTRIENTS BY WHEAT! 


By Dyson RosE? anp A. G. McCatta? 


Abstract 


Wheat plants grown in culture solutions limited in one or two nutrients were 
analysed for nitrogen, phosphorus, sulphur, potassium, calcium, and magnesium. 

Limiting nitrogen reduced the size of plants and the weight of all of the nut- 
rients absorbed except phosphorus. Percentages of phosphorus and sulphur 
increased. 

Limiting calcium had the least effect on uptake of nutrients. 

Limiting potassium had no effect on percentage of anions but decreased the 
total weight absorbed. The percentages of calcium and magnesium were in- 
creased, while weight of calcium was increased in one series. 

Although limiting nitrogen and calcium had marked effects on the ratios of 
various ions absorbed, the total anion : cation ratio was not affected. Limiting 
potassium, however, caused an increase in anion : cation ratio. 


Introduction 


The importance of interrelations among elements absorbed by green plants 
has been recognized only during comparatively recent years (4, 5, 7). A 
review of the work (up to 1938) bearing on this problem was included in an 
earlier paper (13). It was concluded that most of the results could be satis- 
factorily explained by assuming that the total balance between nutrients 
absorbed as anions and those absorbed as cations is fairly constant. Thus a 
sharp decrease in the supply of one anion results either in the increased uptake . 
of other anions or the reduced uptake of cations. Since that paper was 
published, several others containing data pertinent to this problem have 
appeared. 

Interrelations of the six principal nutrient elements have been studied 
by Beckenbach et al. (2, 3, 4) using corn. Three concentrations of each 
element were used, and the results were analysed statistically. Nitrate con- 
centration of the external solution had a direct effect on the magnesium and 
calcium content and an inverse effect on the potassium and sulphur content 
of the corn. When the total weight of potassium was considered, however, 
high nitrate intake and high potassium intake were associated. Calcium 


1 Manuscript received December 9, 1943. 
Contribution from the Department of Field Crops, University of Alberta, Edmonton, Allta., 
with financial assistance from the National Research Council of Canada. Published as Paper 
No. 221 of the Associate Committee on Grain Research. 
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concentration of the solution had a direct effect on magnesium content of 
the corn, and an inverse effect on potassium, nitrogen, and sulphur content. 
Potassium concentration in the solution had a direct effect on sulphur and an 
inverse effect on magnesium and nitrogen uptake. These conclusions were 
based on results expressed essentially as percentages of the green weights. 
They appear to vary much more irregularly than would be expected if the 
conclusions reached in the earlier publication (13) were correct. 


The cation equilibria in plants have been investigated by Itallie (16). The 
experiments were carried out with Italian rye grass grown in pots of soil. 
No satisfactory relationship was found between the concentration of a cation 
in the soil and in the plant, but the replacement of one cation by another was 
found to take place in nearly equivalent amounts. 


Results of work on selenium toxicity led Hurd-Karrer (10) to the conclusion 
that the compensating effect of ions of like sign takes place mainly between 
specific pairs of ions, e.g. selenium and sulphur, arsenic and phosphorus, 
rubidium and potassium. Some years ago Hoagland et al. (8) concluded that 
the rate of accumulation of anions was conditioned primarily by the presence 
in suitable concentration of a cation capable of penetration and accumulation. 
They suggested that one cation might decrease the rate of absorption of another 
because of the similarity in electrical charge. These conclusions were reached 
on studies carried out on Nitella, but it is the belief of the present writers that 
they are largely applicable to absorption of plant nutrients by the roots of 
such a crop as wheat. 

Recently Lundegardh (12) publjshed an extensive discussion of the absorp- 
tion of inorganic ions. Much of his discussion is not pertinent to the present 
one, but several sections deal with the factors affecting anion : cation balance. 
Absorption from single salt solutions rarely proceeds with anion : cation = 1, 
and the ratio can be widely varied by combinations of ions of different mobility. 
In a balanced solution, however, there is a marked tendency for the anion : 
cation ratio to remain fairly constant. 

The results presented in this paper cover four years’ experiments. Three 
of the main nutritional elements are involved. but owing to the difficulty in 
securing sufficient replication if the experiment is very broad in scope, only 
two of these were investigated in each series. Since a complete picture of the 
relationships cannot be obtained from a consideration of data expressed as 
percentages only, the discussion involves percentages, total uptake, and 
equivalent ratios. The effects of limitations of elements, singly and in com- 
bination, on the uptake of the principal nutrient ions and on ion ratios have 
been the main points of interest in the study. 


Material and Methods 


Some features of the technique were common to the three series. 


Red Bobs wheat was germinated on screens supported in trays following 
the method of Hoagland and Broyer (7) except that a nutrient solution was 
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used in the trays. When the seedlings were from six to eight days old, they 
were set out either in tanks (Series 1) or in 2-gal. crocks (Series 2 and 3). 

The plants of all except the 1937 replicates of the first series were grown for 
three weeks in the complete culture solution and then transferred to the 
experimental culture for two weeks. This preliminary period enabled the 
plants to make a reasonable amount of growth. When they were transferred 
to the limiting solutions, the absorption of nutrients was not so dependent 
on plant growth as in the 1937 replicates in which the seedlings were set out 
directly into the experimental culture solutions. 

The basic nutrient solution used was half-strength Hoagland’s solution. 
When the supply of any nutrient element was limited, it was added to the 
culture solution in small amounts every second day; the total amount added 
during the study being 25, 10, or 2.5% of that in the complete solution. 
Hoagland’s A-Z solution (9) was added to each culture at the rate of 1 ml. 
per litre at the start of the experiment, and iron as 1 ml. of ferric tartrate per 
litre was added every second day. Compressed air was forced through the 
solution for 15 min. each day. With all series, the whole plants were harvested, 
weighed, and dried, and used for analyses. 


SERIES 1. NITROGEN AND CALCIUM LIMITING 


In each of the years, 1937 and 1938*, two replicates of nine cultures each 
were grown at different times of the summer. The experimental solutions 
contained 100, 10, or 2.5% of the nitrogen and similar concentrations of 
calcium in all combinations. When nitrogen was limited it was replaced by 
an equivalent amount of phosphorus, and when calcium was limited it was 
replaced by an equivalent amount of potassium. 


SERIES 2. NITROGEN AND PoTAssIuM LIMITING 


In 1939, three replicates of 16 cultures each were grown. The experimental 
solutions contained 100, 25, 10, or 2.5% of the nitrogen and similar concen- 
trations of potassium in all possible combinations. The replicates were 
grown at different times of the spring and summer, and the positions of the 
cultures on the greenhouse bench were randomized for each replicate. Each 
unit consisted of five 2-gal. crocks, a distinct advantage over the tanks used 
in earlier work, since the loss of a crock was not serious, while the loss of a tank 
meant the complete loss of a culture. When nitrogen was limiting it was 
replaced by an equivalent amount of phosphorus while potassium limitation 
was compensated by an equivalent amount of calcium. 


SERIES 3. POTASSIUM AND CALCIUM LIMITING 


In 1940, three replicates of 16 cultures each were grown at different 
times of the spring and summer. The experimental solutions contained 
100, 25, 10, or 2.5% of the potassium and similar concentrations of the 


* In the nitrogen—calcium series, 1938, one replicate was of O.A.C. 21 barley. The results 
were similar to those obtained with wheat so all are treated together. 
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calcium of the complete solution in all possible combinations. Limitations of 
both potassium and calcium were compensated by increased concentrations 
of magnesium. It was anticipated that the high magnesium concentrations 
might cause serious difficulties, but it was found that the plants grown in 
complete solutions for three weeks tolerated the highest magnesium concen- 
tration for two weeks with but little injury. 


LABORATORY DETERMINATIONS 


Dry matter.—Dry matter was determined as follows: moisture was removed 
from the surface of the roots and the whole plant collection dried in an air- 
blast oven at 40° to 50° C. until dry enough to grind in a Wiley mill. Small 
samples of ground tissue were dried for one hour at 105° C. 


Nitrogen.—Nitrogen was determined by the reduced iron method of Pucher 
et al. (14) to include nitrate nitrogen. 

Phosphorus.—Phosphorus was precipitated as ammonium phosphomolyb- 
date, dissolved in excess 0.1 N sodium hydroxide and titrated with 0.1 N 
sulphuric acid, phenolphthalein being used as indicator. 


Sulphur —Sulphur was determined by the official A.O.A.C. sodium peroxide 
method (1). 

Potassium.—Potassium was precipitated with sodium cobaltinitrite and the 
precipitate titrated with N/20 potassium permanganate (6). 

Calcium.—Calcium was precipitated as the oxalate and titrated with N/20 
potassium permanganate. 7 

Magnesium.—Magnesium was determined on the filtrate from the calcium 
determination. In Series 1 it was precipitated as magnesium ammonium 
phosphate. In Series 2 and 3 it was determined by a modification of the 
8-hydroxyquinoline method of Redmond and Bright (15). 


Results 


There are always problems in presenting results of a study such as this. 
It is out of the question to present the analytical data in full, but the method 
adopted must give as complete a picture as possible of these data. In this 
paper the analytical results are given in graphic form, while the importance 
of differences is assessed statistically. It is believed that little, if any, pertinent 
information is lost by the use of this procedure, if the reader considers the 
graphical representation of the experimental results in conjunction with the 
statistical summary. No attempt is made to describe the results completely. 
The discussion is designed rather as an explanation of the more important 
results obtained. 


It has already been pointed out in the introduction that a consideration of 
absorption in terms of percentages leads to conclusions differing considerably 
from those reached if total weights are taken into account. For this reason, 
the results obtained in this study are presented in both ways. 


4 
4 
a 
(> 
4 
7 
: 
x: 
bi 
x 
4 


McCALLA AND ROSE: ABSORPTION OF NUTRIENTS BY WHEAT 


91 


It should also be borne in mind that the conclusions reached are based on 
Since this is so, it appeared that a brief discussion of 
the magnitude of the errors involved would not be out of place. 


statistical evidence. 


ESTIMATE OF EXPERIMENTAL ERROR 


One-half of the plants grown in Series 1, 1938 (two replicates) were harvested 


and analysed after being in the complete solution for 24 days. 


This gave two 


sets of nine results for material grown under similar conditions but in different 
tanks. In 1941, 25 2-gal. crocks were set out in groups of five and wheat 
grown in complete culture solution for 35 days. The plants from each crock 
were harvested and analvsed individually. The results from both of these 
experiments were analysed statistically, the mean results and the standard 
In general these 


errors of a single determination being presented in Table I. 


TABLE I 


STANDARD ERROR OF SINGLE DETERMINATIONS EXPRESSED AS PERCENTAGES OF DRY MATTER, 


AND BASED ON REPLICATED DETERMINATIONS 


Plants grown in tanks Plants grown in crocks 
First replicate Second replicate Standard error, % 
Nutrient Scan 
Standard Standard . Based on Based on 
Mean, Mean, % 
error, % error, individual | groups of 
7% % % crocks | four crocks 
Nitrogen 4.93 0.51 6.15 0.25 4.75 0.11 0.09 
Phosphorus (P2Os) 4.34 0.43 3.17 0.21 2.75 0.09 0.02 
Sulphur 0.73 0.08 0.58 0.06 0.49 0.05 0.03 
Potassium 6.11 1.04 7.44 0.33 7.01 0.41 0.36 
Calcium 0.47 0.09 0.89 0.05 0.32 0.07 0.06 
Magnesium 0.18 0.01 0.16 0.04 0.34 0.04 0.03 


show an advantage in favour of the plants grown in crocks, particularly when 
the unit is a number of crocks. (Actually these results are for four-crock 
units as an accident in the greenhouse caused the loss of one crock in each 


group of five.) 


Another estimate of the experimental error is obtained by anticipating the 


analysis of variance results for the three series. 


The standard error of a single 


determination (square root of the variance for error) has been calculated and 
all such values are presented in Table II. 
as those in Table I and again show in general some advantage in favour of 
using the five-crock unit. 


These values are of the same order 


All conclusions reached in this paper are based on analysis of variance 
results. The standard errors presented in Table II, therefore, are the errors 
on which the significance of differences resulting from variation in the culture 


solution are based. 
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TABLE II 


STANDARD ERRORS EXPRESSED AS PERCENTAGES OF DRY MATTER, AND BASED ON RESIDUAL 
ERROR FROM ANALYSIS OF VARIANCE (TABLE IV) 


Standard error of a single determination 
Nutrient 
Series 1 (tanks) Series 2 (crocks*) Series 3 (crocks*) 
Nitrogen 0.42 0.26 0.16 
Phosphorus (P205) 0.59 0.71 
Sulphur 0.13 0.08 0.04 
Potassium 0.75 0.70 0.46 
Calcium 0.12 0.05 
Magnesium 0.03 0.07 0.08 


* Five crocks made up each unit. 


Errects oF LIMITING ELEMENTS 
Dry Weight of Plants 


The mean dry weight per plant for each culture in each series is presented 
in Fig. 1 and the results of analysis of variance for each series in Table III. 


SERIES | SERIES 2 SERIES 3 
N 
Iv 
23 25 2 #00 
CALCIUM CONCENTRATION, POTASSIUM CONCENTRATION, CALCIUM CONCENTRATION, 
‘% OF COMPLETE % OF COMPLETE % OF COMPLETE 


Fic. 1. Mean weight of dry matter per plant as affected by nutrient supply. 


There are a few erratic values in Series 1 and 3 and, although these do not 
affect the percentage data presented in the next section, they do affect the 
data based on milliequivalents of nutrients per plant. 


In Series 1, the plants supplied with 2.5% nitrogen and calcium were heavier 
than would be expected. This is largely due to the results for one replicate, 
but since there is nothing in the records that justifies discarding the results 
for this culture, they are included in all analyses. 

In Series 3, the results with the cultures containing 25% potassium are 
erratic, but here the difficulty does not lie with one replicate, so the question 
of discarding data does not arise. The principal effect of such erratic results 
is to increase the error in all analysis of variance results dealing with the 
total absorption per plant. 
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TABLE III 


RESULTS OF THE ANALYSES OF VARIANCE OF THE DRY WEIGHT PER PLANT RESULTS 


Series 1 Series 2 Series 3 


Variance Df Mean Variance Mean Variance Mean 
due to: said square due to: : square due to: “— square 


Ca treatment 2 0.0055 K treatment 3 0.0127* | K treatment 3 0.1004** 

N treatment 2 0.0480**) N treatment 3 0.0897**| Ca treatment 3 0.0142 

Ca XN 4 0.0115 K XN 9 0.0023 K X Ca 9 0.0146 

Replicates 3 0.3366**| Replicates 2 0.1037**} Replicates 2 2.6316** 

Residual 24 0.0242 Residual 30 0.0031 Residual 30 0.0058 
Total 35 Total 47 Total 47 


* Significant beyond the 5% point. 
** Significant beyond the 1% point. 


One other general result deserves comment. The weight per plant of each 
culture in Series 3 is nearly twice as great as that of the corresponding cultures 
in the other series. This is apparently related to the time of the season 
during which the plants were grown. It can be readily seen from Table III 
that by far the greatest part of the variability in plant size is due to replicates, 
and that this replicate variance is much greater for Series 3 than for either 
of the others. The earlier in the season a replicate was produced, the heavier 
was the average weight per plant. 


In summarizing the effects of nutrient deficiencies on plant size, it should 
be noted that nitrogen limitation reduced plant size in both Series 1 and 2; 
that potassium limitation reduced plant size in both Series 2 and 3; but that 
calcium limitation had no significant effect on plant size in either Series 1 or 3. 
The absence of a significant interaction in any series means that the effect ~ 
of one limitation was not significantly modified by limitation of a second 
nutrient. The absence of interactions is one of the striking results all through 
this work, although there are one or two notable exceptions, and strict accep- 
tance of the statistical results may not be advisable in a few instances. These 
are discussed in the appropriate places in the paper. 


Nutrient Absorption as Percentage of Dry Weight 


The results of all chemical analyses expressed as percentages of the dry 
weight are presented in Fig. 2, and the results of analysis of variance in 
Table IV. The data of Fig. 2 have been plotted in such a way that major 
differences are emphasized. 


These results are nearly all in complete agreement with the conclusions 
from earlier work. The limitation of nitrogen in Series 1 and 2 resulted in 
decreased percentage of nitrogen and increased percentages of phosphorus 
and sulphur. In Series 1 cation concentration was not affected by nitrogen 
limitation, but in Series 2 percentage of calcium was reduced while that of 
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Fic. 2. Effects of nutrient supply on the percentage of minerals absorbed by wheat 
seedlings. 
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TABLE IV 


ANALYSES OF VARIANCE, NUTRIENT ABSORPTION EXPRESSED AS PERCENTAGES OF 
DRY WEIGHT 


Mean squares 
Variance due to: Dif. 
N P20s Ss Ca Mg K 

Series 1 

N treatment 2 4.9884** 9.8752°* 0.3348** 0.0363 0.0014 1.4726 

Ca treatment 2 0.1074 0.1567 0.0152 0.3812** 0.0140** 0.0678 

N XCa 4 0.1215 0.1913 0.0052 0.0017 0.0008 0.7155 

Replicates 3 4.2161** 1.2753* 0.0855** 0.1644** 0.0319** 8.9391** 

Residual 24 0.1803 0.3466 0.0161 0.0150 0.0008 0.5602 
Series 2 

K treatment 3 0.1010 0.5864 0.0017 0.4347** 0.0543** 27.5966** 

N treatment 3 1.1721** | 64.5324** 0.1070** 0.0751** 0.0063 2.8856** 

NXK 9 0.0352 0.7089 0.0022 0.0066 0.0102 0.2849 

Replicates 2 0.5412** 0.6901 0.1454** 0.0987** 0.0537** 3.2225°* 

Residual 30 0.0695 0.5079 0.0066 0.0122 0.0044 0.4914 
Series 3 

K treatment 3 0.5310** 0.1012 0.0013 0.0057 0.1378** 27.5462** 

Ca treatment 3 0.5278** 0.7139** 0.0010 0.4713** 0.1057** 0.2293 

K X Ca 9 0.0246 0.1317* 0.0012 0.0018 0.0039 0.1602 

Replicates 2 0.7585** 0.1459* 0.0042* 0.0442** 0.0073 11.6253** 

Residual 30 0.0241 0.0427 0.0013 0.0025 0.0064 0.2138 


* Significant beyond the 5% point. 
** Significant beyond the 1% point. 


potassium was slightly increased by nitrogen limitation. The effect of nitrogen 
on cation absorption was small as compared with the effect of limiting potas- 
sium, which caused large increases in the percentages of calcium and mag- 
nesium. On the other hand, potassium limitation had no effect on the per- 
centage of any of the anions. Calcium limitation in Series 1 resulted in in-- 
creased percentage magnesium, and decreased percentage calcium, but had 
no effect on the other nutrients. The fact that potassium was unaffected by 
limitation of either calcium or nitrogen is illustrated in Fig. 2 by the use of 
one essentially horizontal line. 

Series 3 differs from the other two in that two cations were limited. The 
results show that, although neither calcium limitation in Series 1 nor potassium 
limitation in Series 2 affected nitrogen content of the plants, both limitations 
in Series 3 caused reductions in percentage nitrogen, the effect of the two being 
about equal. The effects on phosphorus are of particular interest because, 
although the mean percentage of phosphorus was not affected by potassium 
limitation, there was a significant interaction between potassium and calcium 
treatments. Thus there was little difference in percentage phosphorus due 
to calcium limitation when the full amount of potassium was available, but 
there was an increasing effect of calcium on phosphorus with progressive 
limitation of potassium. This is one of the few instances of such interaction. 
Potassium limitation reduced the percentage of potassium in the plants, 
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while calcium limitation reduced the percentage of calcium. Both increased 
the percentage of magnesium; the effect due to one being quite independent 
of the external concentration of the other cation. 


Most of these data, therefore, confirm the general conclusion that reduced 
anion supply increases the relative uptake of other anions (Series 1 and 2) or 
reduces the relative uptake of cations (Calcium, Series 2). Reduced cation 
supply results in increased relative uptake of other cations (Series 1, 2, and 3) 
or in decreased relative uptake of anions (Series 3). 


The significant mean squares for replicates can be ignored as far as the main 
thesis of the study is concerned, since the percentages of all nutrients in wheat 
plants decrease regularly with progressive development. 


Nutrient Absorption as Milliequivalents per Plant 


It will have been noted that the “‘relative’”’ uptake was emphasized in the 
summary paragraph of the preceding section. An increased percentage of 
any nutrient may occur even when the total uptake has been decreased as a 
result of reduction in plant size due to the limitation of a particular nutrient. 
Thus percentage data alone do not give a complete picture of results obtained. 

The analytical results expressed on the basis of milliequivalents per plant 


are presented in Fig. 3, and the analysis of variance results for these data in 
Table V. The data in Fig. 3 are plotted to emphasize major effects. 


TABLE V 
ANALYSES OF VARIANCE, NUTRIENT ABSORPTION EXPRESSED AS MILLIEQUIVALENTS 
PER PLANT , 

Variance due to: Bet N P Ss Ca Mg K 
Series 1 ; 

N treatment 2 1.6246** 0.0096 0.0021 0.0069* 0.0014* 0.2093** 

Ca treatment 2 0.1025 0.0130 0.0008 0.0133** 0.0005 0.0102 

N XCa 4 0.1195 0.0224 0.0047 0.0019 0.0002 0.0529 

Replicates 3 1.6190** 0.0934** 0.0111* 0.0237** 0.0019** 0.S712°* 

Residual 24 0.1409 0.0108 0.0026 0.0013 0.0003 0.0291 
Series 2 

K treatment 3 0.1829** 0.0035* 0.0012** 0.0033** 0.0011 0.3176** 

N treatment 3 1.4013** 0.0186** 0.0027** 0.0193** 0.0221** 0.1005** 

NXK 9 0.0247 0.0010 0.0002 0.0003 0.0006 0.0168 

Replicates 2 1.0134** 0.0377** 0.0173** 0.0051** 0.0199** 0.1426** 

Residual 30 0.0342 0.0009 0.0002 0.0005 0.0007 0.0109 
Series 3 

K treatment 3 2.3194°* 0.0154** 0.0055** 0.0004 0.0142 2.0441°* 

Ca treatment 3 0.3205** | 0.0063** | 0.0005 0.0631** 0.0534** | 0.0181 

mR xX Ca 9 0.1120 0.0031 0.0007 0.0004 0.0045 0.0072 

Replicates 2 24.0531** | 0.3188** | 0.2093** | 0.0914** | 0.6802** 1.4981** 

Residual 30 0.0703 0.0011 0.0005 0.0011 0.0052 0.0155 


* Significant beyond the 5% point. 
** Significant beyond the 1% point. 
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AS MILLIEQUIVALENTS PER PLANT 
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The effect of nitrogen limitation on nitrogen uptake in both Series 1 and 2 is 
much the same as where the data are expressed as percentages. This is due, 
of course, to the fairly uniform effect of nitrogen limitation on plant size. On 
the other hand, the effect of nitrogen limitation on total phosphorus and sul- 
phur uptake in Series 1 is not the same as where the data are expressed as 

. percentages. Thus, the reduction of plant size offsets the increased relative 

uptake of these two nutrients. The results with Series 2 are quite different 

because the relative increase in phosphorus uptake was so great as a result 
of nitrogen limitation that the total uptake was also much greater. This was 
counterbalanced to some extent, however, by a reverse effect with sulphur, 
the total uptake of which, by the plants in limited nitrogen cultures, was less 
than by those in the complete nitrogen solutions. 

; The effect of limiting nitrogen on cation absorption is consistent for Series 1 
= and 2 since, regardless of the external concentrations of potassium, calcium, and 
magnesium, the total uptake of each was significantly reduced as compared 
with the plants grown in complete nitrogen solutions. In several instances 
there was little difference between the plants grown in the various limited 
solutions but a striking difference between these and the plants grown in 
complete solutions. As a general rule, however, the reduction in total uptake 
was fairly closely related to the degree of limitation of nitrogen. 

The effects of limiting calcium were less striking. In Series 1, only calcium 
uptake was affected by the limitation of this nutrient. In Series 3, however, 
not only calcium uptake was reduced but this reduction was accompanied by 
reduced total uptake of nitrogen and phosphorus. The effect of calcium 
was less than the effect of potassium, but it was highly significant for both 
nitrogen and phosphorus. On the other hand, the total uptake of magnesium 
was decidedly increased. Thus, calcium limitation in Series 3 was accom- 
panied by both of the major effects expected, i.e. reduced absorption of anions 
and increased absorption of another cation. 

The effects of limiting potassium were even more definite than those of 
limiting calcium. The absorption of each of the anions was reduced by potas- 
sium limitation in both Series 2 and 3, the reduction being particularly marked 
with nitrogen in Series 3. Calcium absorption in Series 2 was increased by 
potassium limitation despite the significant reduction in size of plant. Mag- 
nesium uptake was not affected in either series, nor was calcium absorption 
in Series 3. 

Although the statistical analysis appears to show that none of the inter- 
actions was significant, the apparent combined effect of potassium and nitrogen 
on potassium uptake in Series 2 is exactly what one would expect to get. 
When potassium supply is low, even the lowest level of nitrogen is sufficient 
to ensure absorption of all available potassium. As potassium supply increases 
. however, the amount of nitrogen in the solution becomes more and more a 
; factor in determining the amount of potassium absorbed. This result fits so 
‘J well into the basic thesis of this paper that it seems justifiable to doubt the 
conclusiveness of the statistical value for this interaction. It seems likely 
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that it would have been significant had the other variables in the experiment 
been better controlled. 

In general, these results show a greater effect of a limited nutrient on other 
nutrients absorbed as ions of the opposite sign than do the percentage data. 
Furthermore, although calcium limitation caused greater differences in the 
percentages of anions absorbed by plants in Series 3, the effect of potassium 
in reducing plant size made limitations of this nutrient more important in 
determining total uptake of the anions (cf. Figs. 2 and 3). Since any ion ex- 
change or association must be on an equivalent basis, probably more weight 
should be attached to the results expressed as milliequivalents than to those 
expressed as percentages. This, it is believed, will explain the more important 
discrepancies in our results and in those presented by Beckenbach et al. (2). 


Equivalent Ion Ratios 


Limiting the supply of a nutrient usually results in very definite changes in 
the ratios of this nutrient to the others, and it may also alter the ratios 
between other pairs of nutrients even though the external concentrations of 
these remain constant. The most important effects of the limitation of 
nitrogen, calcium, and potassium on ion ratios are shown in Fig. 4, and the 


significance of the differences given in the analysis of variance results in 


Table VI. 
TABLE VI 


ANALYSES OF VARIANCE, EQUIVALENT ION RATIOS 


Variance due to: D.f. Mean squares 
Series 1 N/Ca K + Mg/Ca| P +S/Ca |N/K +Mg]! N/P + S | Anion/cation 
N treatment 2 4.6 16.50 218.31* .3922** 10.555** 0485 
Ca treatment 2 2402.6**| 746.47** 566.97** .1489** -0890 
N XCa 4 176.2 6.39 36.80 .0271 -033 -0201 
Replicates 3 1678.1**| 441.73** 297.67** .0092 1.750** -4590*? 
Residual 24 209.5 71.47 55.19 -0602 .250 -0450 
Total 35 
Series 2 N/K N/Ca + Mg} K/Ca + Mg] N/I +S | K/P +S | Anion/cation 
N treatment 3 2.4230** .209 1.056** 22.187** 2.0834** -0049 
K treatment 3 4.8681** 12.106* 12.011** .400* 1.8844** .4750** 
N XK 9 .3863* -151 .363* .0313* 
Replicates 1.1440** 1.385 -474* .088 .1324* .2415** 
Residual 30 1382 2.767 -138 -0071 
Total 47 
Series 3 K/Ca Mg/Ca Anion/Ca K/Mg Anion/K | Anion/cation 
K treatment 3 179 .37** 12.466* 332.5 20.431** 20.466** -8968** 
Ca treatment 3 399 .69** 96.753** 3776.4** 5.397°* .424 -0551 
9 11.98 2.584 208.6 -925* .262 
Replicates 2 476.48** 37.615** 2879.7°* 2.707** 9.640** -4973°** 
Residual 30 30.30 3.546 182.9 399 .342 .0197 
Total 47 


* Significant beyond the 5% point. 
** Significant beyond the 1% point. 
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Despite the rather marked effect of nitrogen limitation on the P + S : Ca, 
the N: K + Mg, and the N : P + S ratios, there was no significant effect 
on the total anion : cation ratio. This is in agreement with previous con- 
clusions, and shows that the greater relative uptake of phosphorus from 
solutions limited in nitrogen in Series 2 as compared with Series 1 (Fig. 2 and 
Table V) did not alter the total balance of anions and cations. The differences 
between Series 1 and Series 2 results have already been indicated in the 
preceding discussions, but it must now be emphasized that these differences, 
whatever their cause, have no real significance as far as the total balance 
in absorption is concerned. 


The effects of calcium limitation are of a similar nature. There are large 
differences in the ratios of calcium and each of the other ions, but taken as 
a whole, the anion : cation balance is not affected by reduced calcium supply. 

The effects of potassium are somewhat different, however. In both Series 
2 and 3 not only are the ratios of the individual elements affected but also the 
total anion : cation ratios. Thus, the reduction in absorption of potassium 
was not completely compensated either by increased absorption of the other 
cations or decreased absorption of anions, although both of these effects were 
noted in Series 2, and the first in Series 3. This result is essentially different 
from those for most of the data discussed in the earlier paper (13), and in the 
light of the present results, the conclusion that the higher anion : cation 
ratio for plants limited as to potassium supply was probably due to increased 
uptake of sodium from the tap water used in making up solutions (13, Series 4) 
may be open to question. This is particularly so because the differences in 
the ratios for the complete and limited plants are of the same magnitude 
in the present as in the earlier work. 

The results in Table VI and Fig. 4 show that there were some significant 
interactions in the ratios for Series 2. The most significant is the interaction 
between nitrogen and potassium treatments in their effect on the K:P +S. 
ratio. This ratio was about equally affected by nitrogen and potassium 
limitation, but the effect of either limitation was much greater: where the 
supply of the other nutrient was complete than where this supply was limited. 
The interaction in Series 2 between nitrogen and potassium treatments on 
their effect on the N : K ratio lends confirmation to the conclusion regarding 
the apparent interaction between the same treatments in relation to total 
uptake of potassium. As the concentration of both elements decreases, the 
difference in the ratio between them decreases. Limiting nitrogen uptake 
causes an almost equivalent reduction in absorption of potassium, but limiting 
potassium uptake does not cause a similar reduction in absorption of nitrogen. 
This result supports the idea that, in water culture, anions (nitrogen) may be 
absorbed through ion exchange but cations cannot. The interaction between 
the effects of potassium and calcium treatments on the K: Mg ratio in 
Series 3 is also important. Reference to Figs. 2 and 3 shows that limiting . 
calcium increased the relative magnesium uptake but did not affect either 
the relative or absolute amount of potassium absorbed. Potassium limitation 
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therefore affects the K : Mg ratio by altering both the potassium and mag- 
nesium contents of the plant, but calcium affects the ratio only through its 
effect on magnesium. 


The various ratios are not constant for the different replicates. As with 
plant size, there seems to be a fairly definite association between the time 
the plants were grown and the magnitude of these ratios. This means that 
the ratios are altered by those physiological factors governing the uptake of 
anions or cations that are apparently affected by the time of the season or, to 
be more precise, by differences in the environment in which the plants grow. 
In general, there appears to be a higher than average proportion of anions 
absorbed when plant growth is rapid and rank. This variability in the general 
level of replicates is not a fundamental factor in determining the effects of 
the nutrient limitations, and is therefore not of importance in assessing the 
validity of the main thesis under discussion. 


Discussion 


In all of these experiments absorption of nutrients was conditioned to some 
extent by plant growth. It has already been pointed out that frequently 
an entirely different conclusion must be reached if absorption is considered 
in terms of percentages rather than milliequivalents. Thus the effects of 
calcium and potassium in Series 3 were apparently directly opposite if the 
percentage and milliequivalent data are considered independently. The 
explanation of this lies in the fact that potassium limitation affected plant 
size markedly, while calcium limitation did not. 


A consideration of the data presented by Beckenbach et al. (2) leads to the 
conclusion that many of the apparently important relations would be altered 
greatly if the size of the plant had been considered in the analysis of nutrient 
effects on nutrient uptake. A hint of this is given in one of the papers 
(2, p. 407) when the authors state that plants with a deficiency of nitrogen 
were dwarfed, and this indirectly resulted in a proportionate percentage 
increase in accumulation of other elements; and again (2, p. 415), when it 
is pointed out that, although it does not show in the statistical analysis, high 
yields were associated with high nitrate and potassium. The difference in 
results when expressed as relative uptake (percentage) and actual total uptake 
(milliequivalents) has been stressed in all the present discussion. It can be 
confidently predicted that, had the statistical analysis of Beckenback ef al. 
been carried out on weight per plant data, instead of on percentages (mg. per 
100 gm. fresh weight is merely percentage X 1000), very different conclusions 
would have been reached with respect to some of the effects studied. The 
dry weight per plant varied from 11.74 to 34.60 gm., the percentage dry 
matter varied from 7.6 to 11.0%, and there was a fairly good negative correla- 
tion between plant weight and percentage dry matter if the results for one 
treatment were excluded (4). Accordingly, it is difficult to see how the use of 
data expressed as percentages of fresh weight makes it possible either to allow 
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for or to understand the relation between variation in nutrient content and 
water content (2, p. 407). 

It has already been indicated that data expressed on a weight per plant 
basis are considered as the better in determining effects of nutrient concen- 
trations on the plant uptake. When only percentage data are considered, 
it is quite usual to get relative increases in nutrient content due to some 
particular deficiency. Beckenbach et al. recognize this (2), but have, never- 
less, presented their results only as percentages. There may or may not be 
a real increase in uptake of the nutrient under investigation, but percentage 
data do not permit any definite conclusion to be reached. When, on the 
basis of weight per plant, the uptake is increased, one can be sure that such 
an increase is real, and that the physiological processes of absorption have been 
modified as far as that particular nutrient is concerned. 

One further remark must be made regarding the data presented by Becken- 
bach et al. (2). Partial regression and correlation analyses, as used in this 
work, yield a final result for any one factor essentially by the elimination of 
the effects of each of the other factors involved. It is our experience that the 
results of such analyses may be extremely misleading because the statistical 
result may represent a physiological condition that did not actually obtain in 
any of the treatments under investigation; and statistical experience cannot 
be accepted as a satisfactory substitute for physiological experience. A - 
detailed discussion is out of place here, but it is proposed to present data and 
discuss this question fully in a later paper. 

From the results of this and earlier experiments carried out at this institution, 
it seems to be definitely established that the anion : cation ratio of nutrients 
absorbed by wheat plants is not significantly altered by very wide variations 
in the external supply of anions. This was rather unexpected since the mean 
value for the ratio under favourable conditions is always much greater than | 
unity; i.e. there is always a much higher absorption of anions than of cations. 
It seemed probable, therefore, that if the supply of nitrate, which makes up 
a large proportion of anion absorption, were reduced, the proportion of cations 
absorbed would be increased. In no experiment has this result been obtained. 
On the other hand, when potassium, which makes up a large proportion of the 
cation absorption, is limited, the proportion of anions to cations does increase. 

These results, it is believed, can all be explained on the assumption that 
anions may be concentrated in the plant through ion exchange but, because 
there is not as ready a source of exchangeable cations in the plant, cations 
cannot be so accumulated. This statement is made despite the work of 
Jenny and Overstreet (11) and similar more recent work. The present studies 
were carried out in the absence of colloids, and it seems unlikely that cation 
exchange, which would result in increased cation absorption, took place in 
these experiments. If anions are equivalently absorbed in exchange for the 
bicarbonate ion, and even perhaps for the hydroxy] ion, an appreciable amount 
could be absorbed without being at all dependent on cation absorption. Since 
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there is no decrease in the anion : cation ratio when anions are limited, it 
would appear that even under these conditions ion exchange operates in 
approximately the same proportion to direct anion : cation absorption as 
when there is an adequate supply of anions in the culture solution. 


When potassium is limiting, however, the part played by ion exchange in 
determining the absorption of anions is increased, the result being that the 
anion : cation ratio is increased. There is probably an upper limit beyond 
which this ratio cannot go, and this is probably determined by the number of 
bicarbonate or other anions available for exchange by the absorbing tissues. 
The limit would probably be quite different in an experiment carried on as 
long as those reported in this paper from that of a short-term experiment such 
as those carried ovt with excised roots. Thus, ion exchange might be more 
important in the type of experiment reported in this paper than in shorter 
experiments. 

Regardless of the validity of the suggested explanation of the results 
obtained, these results themselves appear to be very definite and to support 
in general the earlier hypothesis regarding the wide variations in external con- 
centration of individual ions that may exist without greatly altering the anion : 
cation balance. 
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TEMPERATURE-INDUCED DIFFERENTIAL CONTRACTION 
IN THE SOMATIC CHROMOSOMES OF 
TRILLIUM ERECTUM L.! 


By G. B. WILSON? AND E. ROGER BooTHROYD?* 


Abstract 


When root tips of Trillium erectum L. are exposed to low temperatures the 
chromosomes contain regions of reduced diameter and staining capacity. The 
positions of these regions are constant within the species. 

The number of ‘‘differentiated regions” per nucleus changes with the duration 
of cold treatment, and at 3° C. reaches a maximum after 96 hr. 

The visible differentiation produced by cold disappears within a few hours 
when the material is returned to higher temperatures. 

Low temperatures cause non-differential parts of chromosomes to be more 
contracted than in untreated material, while differentiated regions are unaffected 
or less contracted than in the controls. The amount of ‘differentiation’ ob- 
served is apparently determined by the differential contraction of these parts. 


Introduction 


After cold treatment, the somatic chromosomes of a variety of organisms 
contain regions of reduced diameter and staining capacity in addition to their 
characteristic constrictions. This type of differentiation has been observed 
by Shmargon (8) in Secale cereale L.; by Darlington and La Cour (3, 4, 5) in 
Paris species, Trillium species, and Fritillaria pudica Spreng.; by Kakhidze 
(6) in Crepis capillaris Wallr.; by Wilson and Boothroyd (10) in Trillium 
species and Secale cereale. In animals it has so far been found in Urodele 
amphibia (in both meiotic and mitotic chromosomes), by Callan (1) in Triton 
species, and by Smith and Entin (unpublished) in 7riturus. 

Darlington and La Cour consider these differential regions to be ‘‘under- 
charged” with nucleic acid at mitotic metaphase, and they identify them 
with ‘overcharged’ chromocentres seen as heterochromatic regions in the 
resting nucleus. Elsewhere (2) Darlington assumes that these are centres 
of nucleic acid synthesis. As remarked by Schultz (7) the two ideas are not 
easily reconciled, and therefore in the absence of more direct evidence this 
conception does not form a very attractive hypothesis. Darlington and 
La Cour have illustrated the differential regions diagrammatically (3) as 
chromosome segments in which the chromonema is regularly coiled, but forms 
a helix with a smaller diameter than that in the rest of the chromosome. 

Callan (1) agrees with this interpretation for differentiation in the mitotic 
chromosomes of Triton. In meiosis, however, he considers an ‘“‘uncharged”’ 
state of the differential segments to follow a diffuse pachytene without chromo- 
centres. These segments appear as thin, uncoiled threads when the metaphase 
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chromosomes are stretched on the spindle. He therefore concludes that a 
complete lack of nucleic acid in these regions makes them incapable of spiraliza- 
tion. He states also, however, that ‘“‘The segments are so short that in un- 
stretched bivalents they are frequently obscured by nearby coils of the 
euchromatin spiral, and such segments resemble the constrictions between 
successive gyres’’. These observations would be equally well fitted by the 
assumption that the chromonemata are capable of coiling in the differential 
regions, but that this coil is readily eliminated by longitudinal tension in the 
chromosomes. Short interstitial differential segments often appear stretched 
in the mitotic chromosomes of Trillium (Fig. 1), but terminal differential seg- 
ments, which would not be subject to the same strain, very seldom have a 
stretched or uncoiled appearance. 

With regard to the length of cold-treated chromosomes and differential 
segments Darlington and La Cour have stated (3) that “‘The chromosomes are 
the same length when unstretched, whether they show the differential reac- 
tivity or not.”’ and ‘‘... the lengths of the differential reactive segments are 
the same when showing their special reaction as in other preparations similarly 
treated when not showing it.””. Ina later publication (4) they have also stated 
that ‘‘Comparison of normal and treated material . . . shows . . . a reduction 
in staining capacity and diameter in the differential segment of the chromatid, 
without a change in its length.’”’ Also: ‘‘. . . with regard to spiralization, 
the heterochromatin segments are the same length when undercharged as 
when normally charged.’’ And.again, with reference to the differentiated 
segments, ‘“‘The chromatids are then reduced to half the standard diameter 
but remain the standard length.’’” These statements appear to be based not 
on measurements but on the number of gyres of the chromonema spiral that 
the differential segments are thought to contain. They have been inter- 
preted as meaning that the lengths of the differential segments, whether 
visibly differentiated or not, bear a constant relationship to those of the 
non-differential parts of the chromosomes. It will be shown herein that this 
relationship is variable, depending on the length of the cold treatment, and 
that differential staining capacity is related to differential contraction. 


Material and Methods 


Rhizomes of Trillium erectum L. were collected at Montreal West and Ile 
Perrot, Que. Root tip mitoses were studied in all cases. Cold treatment 
was provided by a commercial electric refrigerator, which maintained a fairly 
constant temperature of 3°C. Root tips were fixed in a mixture of three 
parts absolute alcohol and one part glacial acetic acid, macerated in 45% 
acetic acid at 60° C., stained with aceto-carmine, and mounted in a modifica- 
tion of Zirkle’s (11) Venetian turpentine mounting medium. 

Observations were made with a Zeiss 1.5 mm., 1.3 N.A. objective and 
7X oculars. A Zeiss 3 mm., 1.4 N.A. objective and a 7X ocular were used 
for photomicrographs. Measurements were made from camera lucida 
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Fic. 1. Root tip metaphase after 96 hr. at 3° C. All chromosomes are labelled at their 
centromeres. Note the stretched interstitial differential regions (arrows) in one B, one D, 
and one E chromosome. 1550. 


Fic. 2. Anaphase from the same root as Fig. 1, showing stretching of several differential 
segments. X 1550. 
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Fics. 3 To 8. Root tip metaphases showing the changes in length and differentiation of the 
chromosomes during cold treatment: Fig. 3, untreated; Figs. 4 to 8, after 12, 24, 96, 240, 
and 672 hr. respectively at 3° C. X900. 

Fic.9. Metaphase, three-quarters of an hour at 22° C. after 96 hr. at 3° C., showing extreme 
contraction without differentiation. X900. 

Fic. 10. Metaphase after 48 hr. in 0.05% colchicine solution, showing contraction without 
differentiation. X900. 
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drawings at 5000X magnification, for which the 1.5 mm. objective and a. 
20X ocular were used. 
Observations and Discussion 

The Distribution of Differential Segments 

The position of differentially reactive segments of the chromosomes appears 
to be almost constant within the species. Some variation has been found 
between plants of Trillium erectum, but this appears always to have resulted 
from failure to observe one or more specific differential regions in certain 
plants, and not from their appearance in unexpected positions in the chromo- 


somes. Fig. 11 represents diagrammatically the chromosome complement 
of T. erectum, including the position and average size of the differential regions. 
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Fic. 11. Diagram showing the relative lengths of the chromosomes, untreated and after 
96 hr. at 3° C., and the distribution of ‘differential regions” in Trillium erectum L. The 
numbers are assigned in the order of frequency with which the regions in each chromosome are 
differentiated (1 being most frequent). Shaded regions are very rarely differentiated. See 
text regarding Numbers 1a and 2a in the E chromosome. 


This diagram is far more accurate than that presented earlier (10) since it is 
based on a large number of measurements (50 chromosomes of each type). 
All differential regions included were found in several plants. The left-hand 
member of each pair of chromosomes shows the normal appearance without 
cold treatment—no secondary constrictions or differential regions can be 
seen. The right-hand member represents the same chromosome after 96 hr. 
at 3°C. The numerals beside the differential regions indicate the relative 
frequencies with which they are differentiated after 96 hr. at 3° C.; in each 
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chromosome the numbering of the regions is in the order of the frequency 
with which they were observed. Shaded parts are those that were differen- 
tiated only very rarely. In the E chromosome the two arms are so nearly 
the same length that it is impossible to distinguish them with certainty and 
in consequence between the pairs of differential segments adjacent to the 
attachment constriction. Since this made it impossible to determine which 
member of each pair was most frequently differentiated these pairs of regions 
have been numbered 1 and 1a, 2 and 2a. 


The Rate of Differentiation and ‘‘ Recovery” 


Not all cold-treated nuclei contain the same number of visibly differentiated 
segments. It is convenient, therefore, to express the number observed in 
terms of some standard. Since 34 of the total of 42 differential segments in 
the diploid nucleus are differentiated with an appreciable frequency in highly 
differentiated material, this number has been chosen as the “standard 
number”, and the number of differentiated regions per nucleus found in a 
plant after any given treatment has been expressed as a percentage of 34. 
Since a rarely differentiated region may in some cases be visible when a more 
frequently differentiated one is not, the “percentage of the standard number 
differentiated”’ is not necessarily in all cases that percentage of the specific 
regions shown as unshaded in Fig. 11. 

It has previously been reported (10) that the number of differentiated 
regions per nucleus, that is, the degree of differentiation of the chromosomes, 
increases rapidly up to 96 hr. at 3° C. Cold treatment has now been extended 
to 2040 hr. (more than 12 wk.)- At 3°C. the degree of differentiation reached 
a maximum after about 96 hr. Thereafter it decreased slowly to 2040 hr. 
at which time the experiment was discontinued because of a dearth of mitoses. 
Table I and Figs. 12 and 13 show the percentage of the standard number of 
regions after various durations of cold treatment. 

Darlington and La Cour (5) have stated that ‘‘. . . in 7 rillium, nucleic acid 
starvation requires three days to affect the metaphase of mitosis in the roots. 
Even at a low temperature this period must comprise most of the resting 
stage... The starvation effect therefore acts long before the prophase when 
the chromosomes are actually taking up their nucleic acid.’’ In the present 
study, however, the beginnings of differentiation of the metaphase chromo- 
somes were seen after only half an hour at 3° C. Since only one plant was 
used for this short treatment this may not be significant. However, a con- 
siderable number of differential regions was apparent after six hours in each 
of the four plants used for that treatment. This early differentiation is not 
very sharp, although frequently more distinct than that illustrated in Fig. 4, 
which was chosen because the chromosomes were well flattened. Although 
the mitotic rate at 3° C. is not known, the nuclei observed at metaphase after 
six hours or less at 3° C. were almost certainly out of the resting stage and 
well into prophase at the time the cold treatment started. This would agree 
with Callan’s observations (1) that ‘‘cells which were in prophase when the 
treatment started show ill-defined heterochromatic segments.” 
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405 


204 


STANDARD REGIONS 


% 


48 72 


HOURS AT 3°C. 


Fic. 12. The degree of differentiation of the chromosomes for the first 96 hr. at 3° C. 
Based on the number of differentiated regions observed, expressed as percentages of 34, the 
standard number of differential regions. 


in Table II. 


the undifferentiated condition. 
ments, namely time and temperature. 


672 


HOURS AT 3°C. 


1344 


Fic. 13. The degree of differentiation of the chromosomes during 1344 hours at 3°C., 
expressed as percentages of 34, the standard number of differential regions. 


Preliminary tests (10) indicated that within a few hours of the cessation 
of cold treatment no differential regions may be found in the metaphase 
chromosomes. Four experiments have been performed to determine the 
rate at which the plants “‘recover’” and their chromosomes appear again in 
Two factors were varied in these experi- 
In the first three experiments recovery 
was investigated at 22°C. after 24, 96, and 240 hr. at 3°C.; in the fourth 
it was investigated at 35° C. after 96 hr. at 3° C. The results are summarized 
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TABLE II 
PERCENTAGE OF STANDARD NUMBER OF REGIONS DIFFERENTIATED AFTER CESSATION OF COLD 

TREATMENT 

Hours after cold treatment 
o | 14|34| | 3 | 6 | 9 | 12 | 2 

24 Hr. at 3° C.; recovery at 22° C. 
Mean % standard 37* | — 8 4 5 4 2 ~- — 
No. of nuclei 56 35 51 43 90 60 
96 Hr. at 3° C.; recovery at 22° C. 
Mean % standard ag° | 32 31 24 24 8 1 1 0 
No. of nuclei 123 71 84 49 58 64 30 47 65 
240 Hr. at 3° C.; recovery at 22° C. 
Mean % standard 45* | — 34 32 29 24 6 — 1 
No. of nuclei 10 —— 5 10 8 5 3 — > 
96 Hr. at 3° C.; recovery at 35° C. 
Mean % standard 51* | — 29 21 22 — 8 — — 
No. of nuclei 86 51 28 26 23 


* Different material from that given in Table I. 


The first three experiments, in all of which the later temperature was 22° C., 
show that the initial recovery is most rapid after the shortest cold treatment. 
After one and one-half hours at 22°C. very few differential regions were 
observed in material that had received only 24 hr. treatment at 3° C., although 
recovery was not complete after nine hours. After 96 and 240 hr. at 3°C. 
the initial rate of recovery at 22° C. was not as great, and in both cases there 
was a period when little or no apparent change was taking place. The return 
to the undifferentiated condition was very similar at 35° C. to that at 22°C. 
after the same cold treatment. Fig. 14.represents graphically the course of 
recovery in all four experiments, and shows that it is dependent largely on the 
duration of the cold treatment and not on the temperature during recovery. 


_ Differential Contraction 


Differentiation of the chromosomes has been observed only from late 
prophase to telophase, during which time their contraction is greatest. This 
fact, together with the observation that low temperatures cause greater than 


di 
ane 
as 
ay 


112 CANADIAN JOURNAL OF RESEARCH. VOL. 22, SEC. C. 


TABLE III 


LENGTH, IN MICRONS, OF THE DIPLOID CHROMOSOME COMPLEMENT 


During cold treatment 


Hours at 3° C. 0 12 24 96 168 240 336 672 
Length 285 283 255 234 212 178 193 254 
om $6.9 | £13.0 +6.9 +4.5 +7.5 +4.8 +6.5 +5.9 
No. of nuclei 30 10 20 2 15 20 14 10 


During recovery (after 96 hr. at 3° C.) 


Hours at 22°C.| 0 1/4 3/4 13 3 6 9 12 24 
Length 234 209 195 183 209 229 285 252 296 
om $4.5 | £7.2 | 44.6] +4.5 | +5.9 | 47.4 +25.7| +9.0] +6.5 
No. of nuclei a5 20 20 20 20 20 5 15 10 


% STANDARD REGIONS 


6 9 


HOURS AT 22°, 35°C, 
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Fic. 14. The degree of differentiation of the chromosomes after cessation of cold treatment, 
expressed as percentages of 34, the standard number of differential regions. Curves 1, 2, and 3 
show the course of recovery at 22° C. after 24, 96, and 240 hr. respectively at 3° C. Curve 4 
shows recovery at 35° C. after 96 hr. at 3° C. 


normal mitotic contraction of the chromosomes (not necessarily the chromo- 
nema—see (9) for interrelations of these), suggests that the degree to which 
the chromosomes are contracted may play some part in the expression or 
detection of differential reactivity. The length of the chromosome comple- 
ment has therefore been measured both during cold treatment and after 
return to 22° C. following 96 hr. at 3° C. 
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During the first 96 hr. of cold treatment the metaphase chromosomes 
become progressively more contracted than in control material and the 
number of differentiated regions steadily increases. If the cold treatment 
is continued beyond this point the length of the metaphase chromosomes 
continues to decrease at least to 240 hr. but there are fewer differentiated 
regions. Differentiation decreases steadily with longer treatment, while by 
672 hr. chromosome length shows a considerable increase, although still well 
below ‘“‘normal”’. If after a cold treatment of 96 hr. the plants are returned 
to 22°C. still shorter chromosomes are found for the first one and one-half — 
hours at the higher temperature. During this period, however, a very large 
proportion of the differentiated regions disappears. After three hours at 
22° C. a return to the normal metaphase length sets in and the number of 
differential regions observable is further reduced. 


Though these observations show no direct correlation between the length 
of the chromosome complement and its degree of differentiation it is clear 
that for an understanding of the nature of differentiation further elucidation 
of their relationship is necessary. While shortened metaphase complements 
may be found without differentiation after either temperature or other treat- 
ments (Figs. 9 and 10) a high degree of differentiation has never been observed 
without shortening. Further, there is clear evidence of related differential 
reactions of chromosome segments in both stainability and contraction fol- 
lowing a period of cold treatment. 


The contraction produced by cold is not uniform throughout the chromo- 
some complement. When the lengths of the chromosome arms are expressed 
as percentages of the total length of the complement it is found that their 
proportions are different in cold-treated and untreated material (Table IV). 


TABLE IV 


LENGTHS OF CHROMOSOMES AND CHROMOSOME ARMS, EXPRESSED AS PERCENTAGES OF THE 
° TOTAL LENGTH OF THE COMPLEMENT 


A B me D E 
Total length 
Chromo-| Long Short Long Short Long Short Either (2n) 
some arm arm arm arm arm arm arm 
Untreated 15.7 14.5 $9 8.6 6.7 11.3 8.6 28.2 285 + 6.9 
After 96 hr. at 
16.0 14.0 7.3 8.0 7.9 11.1 8.5 27.1 234 + 
Difference +0.3 —0.5 +1.4 —0.6 +1.2 —0.2 -0.1 —1.1 


This difference in contraction may be more strikingly illustrated by com- 
paring the B and C short arms (which have the longest differential segments) 
with the C long arm, which is never differentiated (Table V). The ratio of 
the length of the short to the long arm of the C chromosome is 77 : 100 in 
untreated material and 98 : 100 after 96 hr. at 3° C., at which time maximum 


+ 
| 
i J 
i 
& 
} 
4 
| | 
1 


114 CANADIAN JOURNAL OF RESEARCH. VOL. 22, SEC. C. 


TABLE V 


LENGTHS, IN MICRONS, OF DIFFERENTIAL AND NON-DIFFERENTIAL SEGMENTS IN THE B AND C 
CHROMOSOMES DURING COLD TREATMENT 


B chromosome C chromosome 
Hours Short arm , Short arm Long arm 
at 
Diff. Non-diff. Total Diff. Non-diff. Total Total 
_Tegion_ __reg. xX N _Tegion reg. xX N N 
X+ox | X+ ox Xtox | X+ ox 
0 2.30°* 6.12*° 8.42+0.22) 60) 1.00* 8.41* 9.41+0.21] 60) 12.22+0.28] 60 
12 2.92+0.35| 5.94+0.56) 8.86 13} 2.02+0.18) 7.58+0.29| 9.60 9} 12.10+0.68)} 20 
24 3.04+0.17) 5.10+0.19) 8.14 38) 2.14+0.15) 7.34+0.30) 9.48 30] 11.00+0.28) 40 
96 3.68+0.16| 4.96+0.16) 8.64 50} 2.52+0.15| 6.66+0.19) 9.18 46) 9.40+0.25) 50 
168 3.28+0.12) 4.08+0.18) 7.36 25| 2.12+0.18} 5.70+0.22) 7.82 21} 8.32+0.26) 30 
240 2.86+0.15| 3.58+0.14| 6.44 32} 1.88+0.12|) 4.80+0.14) 6.68 30) 7.14+0.12) 40 
336 2.70+0.13) 3.93+0.13) 6.63 26) 2.10+0.27) 5.13+0.25| 7.23 12} 7.71+0.32] 28 
672 3.10+0.15| 5.48+0.31] 8.58 18} 1.88+0.20) 7.86+0.41| 9.74 8} 10.12+0.42} 20 


*Before treatment begins the differential segments cannot be recognized and the initial values 
are therefore theoretical ones calculated on the basis of the uniform contraction of non-differential 
segments, see p. 115. 


differentiation is observed. The corresponding ratios of the B short to the C 
long arm are 69: 100 and 92: 100 respectively. These figures show con- 
clusively that the B and C short arms are much less contracted than the C 
long arm after four days’ cold treatment, and immediately suggest that the 
most probable cause is a difference in the degree of contraction of differen- 
tiated and non-differentiated parts of the chromosomes. 


The lengths of differential and non-differential segments of the B and C 
chromosomes after different periods of cold treatment are given in Table V. 
During the first 96 hr. non-differential regions become shorter. The differ- 
ential regions, on the other hand, do not, and are probably longer at 96 hr. 
than at 12 hr. or without treatment. Since the measurements are of specific 
regions and not of the total length of differentiated material, changes in the 
number of regions differentiated could not explain this difference in behaviour. 
An increase in the length of differential regions ‘at the expense of non-differ- 
entials could, but if this were happening the non-differential regions in the 
short arms of the B and C chromosomes should shorten more rapidly than the 
long arm of the C. There is no evidence for this and in any case there is also 
the difference in the contraction of the entire short arms of the B and C 
compared with that of the long arm of the C to be explained. It must be 
concluded that the differential segments of the B and C are not shorter during 
the first 96 hr. of cold treatment than they are in untreated material, while 
the non-differential regions of the B and C short arms, as well as the long arm 
of the C which contains no differential segment, are considerably contracted. 


From 96 to 240 hr. differential and non-differential segments behave alike. 
Both are at their shortest, for any time during the treatment, in material 
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subjected to about 240 hr. of cold. After 336 or 672 hr. at 3° C. the non- 
differential regions of the B and C short arms and the long arm of the C are 
longer than in 240 hr. material. The total lengths of the short arms are 
similar at 672 hr. to those of untreated material. The long arm of the C 
and the complement as a whole, however, remain shorter than normal. This 
indicates that in material subjected to extended cold treatment the differential 
regions are longer than under control conditions. The data may be inter- 
preted as showing that the plants become acclimatized to 3° C., but that dif- 
ferential regions ‘‘recover’’ with respect to length much more slowly than 
non-differentials. The probability that chromosomes in different stages of 
of the mitotic cycle at the initiation of the treatment are involved, particularly 
in these long treatments, prevents analysis in terms of changes in individual 
chromosomes. 


In view of the above findings, measurements were made of Darlington and 
La Cour’s (3, 4) published drawings. These show that in both Paris and 
Trillium chromosome arms with long differentiated segments are under- 
contracted relative to undifferentiated arms from the same material. So 
far as it goes, this evidence is not in accord with their conclusion that the length 
relationships remain unchanged. 


Although some variations exist, they are not such as to be inconsistent with 
the assumption that the ratios of the lengths of the non-differential parts of 
the B and C short arms to the never differentiated C long arms in the same 
cells remain constant during cold treatment. It may be supposed, therefore, 
that they are the same in untreated material. On this assumption it is possible 
to calculate the lengths of the terminal differentially reactive segments of 
the B and C short arms in untreated chromosomes. The lengths of the two 
short arms and of the C long arm in untreated material are known, and also 
the ratios of the non-differential segments to the C long arm. It is easy, 
therefore, to find the lengths of the non-differential segments in untreated 
material, and by subtracting these from the total lengths of the short arms to 
find the lengths of the differential segments. The lengths of these two 
segments and of the C long arm after various periods of cold treatment, 
expressed as percentages of their lengths in untreated chromosomes (cal- 
culated for the former, measured for the latter), are represented graphically 
in Fig. 15. Curve 1 represents the combined lengths of the two differential 
segments and Curve 2 the length of the Clong arm. Curve 3 is the difference 
between them, expressed in arbitrary units. It will be seen that throughout 
the cold treatment the differential parts are always longer and the non- 
differential shorter than in untreated chromosomes and that the curve repre- 
senting the difference in their contraction is very similar to that for the number 
of differential regions observed (Fig. 13). It therefore seems probable that 
the observability of differential regions depends largely on the degree to which 
their contraction differs from that of the rest of the chromosome. 


If this is so, it might be expected from the figures in Table V that the 
terminal differential segment of the C chromosome would be visibly dif- 
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120 


LENGTH 


Py) % 168 240 336 672 
HOURS AT 3°C. 


Fic. 15. The relative contraction of differential and non-differential parts of the chromosomes 
during cold treatment. Curve 1 represents the combined length of the B and C chromosomes’ 
terminal differential segments, expressed as a percentage of their combined length (calculated ) « 
in untreated chromosomes, and Curve 2 represents the length of the C long arm during cold 
treatment expressed as a percentage of its length in untreated chromosomes. Curve 3 represents 
the difference in contraction of differential and non-differential segments (1-2 ), and is expressed 
in arbitrary units. 


ferentiated more frequently than that of the B after 12 and 24 hr. cold. 
No significant difference was found. After 12 hr., both segments were dif- 
ferentiated in about half the chromosomes, and after 24 hr. nearly all the 
segments were visibly differentiated. However, the greater length of the B 
differential segment might serve to eliminate the expected difference after 
12-hr. treatment, while after 24 hr. the observation of both regions in almost 
every case precludes any possibility of a significant difference between them. 
Variation 

Knowledge of the length relationships of differential and non-differential 
parts of the chromosomes provides a tool for the study of variations in dif- 
ferentiation within and between plants. It has*been used in the following 


analysis of the variable expression of the terminal differential segments of 
the B and C chromosome short arms. 


Two types of variation are considered. In the first type a chromosome may 
vary within a plant, being differentiated in some and undifferentiated in 
other cells of a single root. The individual undifferentiated chromosomes 
from such plants are grouped in Table VI under the heading of “‘occasionally”’ 
undifferentiated. None of the chromosomes so classified contains a visibly 
differentiated terminal portion; the word ‘‘occasionally’’ merely indicates that 
in other cells of the same root these chromosomes do contain such differentiated 
segments. The second type of variation is that between plants. In certain 
plants, one or both members of the pair of B or C chromosomes never show 
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terminal differential regions, even when the other chromosomes are highly 
differentiated. These chromosomes are classified in Table VI as “regularly” 
undifferentiated. Also included in the table for comparison are the lengths 
of the arms of differentiated and untreated chromosomes and of the non- 
differential parts of differentiated arms. 


TABLE VI 


LENGTHS OF B AND C SHORT ARMS, DIFFERENTIATED AND UNDIFFERENTIATED, AS PERCENTAGES 
OF THE LENGTHS OF THE C LONG ARMS IN THE SAME CELLS 


Cold treated 
Chromo- Undifferentiated Non-differential 
some Untreated Differen- segments of 
tiated “Occasionally” “Regularly” 
B 69.0 +2.4 87.4 12.6 + 1.8 4.1 + 1.2 50.2 
c 708225 94.5 83.4 + 1.4 1.7 + 1.3 68.6 


Because absolute lengths vary with the cold treatment it is not possible 
to make direct comparisons of treated and untreated chromosome arms. To 
permit comparisons, therefore, the lengths of the B and C short arms and 
undifferentiated segments are recorded in Table VI as percentages of the 
length of the C long arms from the same cells. 

Examination of Table VI shows, as has been demonstrated earlier, that 
differentiated B and C short arms are longer than untreated ones, relative to 
the corresponding C long arms. Undifferentiated B and C short arms from 
plants in which they were differentiated in other cells (i.e. “‘occasionally undif- 
ferentiated”” arms), although appreciably shorter than differentiated ones, 
are no shorter than are untreated short arms (all lengths being expressed as 
percentages of the C long arms from the same nuclei). This indicates, con- 
trary to Darlington and La Cour’s (4) explanation of such cases as the result 
of faulty separation at anaphase, that these arms are not deficient for the 
differential segments, but simply have not attained a visible degree of dif- 
ferentiation. It might be noted in this connection that all the cases of faulty 
anaphase separation reported by Darlington and La Cour (4) were seen by 
them in Trillium stylosum or their Plants 3 and 7 of “T. grandiflorum”. A _ 
comparison of their Text-figs. 5 and 6 with their Text-fig. 4 suggests very 
strongly that the latter plants were also actually 7. stylosum. It is possible, 
therefore, that the faulty anaphase separation is typical of only this one 
species, or of only their stock of it, and may have a cause quite distinct from 
differentiation. 
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The undifferentiated B and C short arms from cold treated plants in which 
they were never differentiated (i.e. “regularly undifferentiated”’ arms) are 
shorter, relative to the C long arms from the same nuclei, than are untreated 
arms. The difference is not significant, however, in the case of the C short 
arm. But the differential segment probably comprises such a small part of 
the untreated C short arm (see Table V) that its loss would not result in a 
significant decrease in length. The ‘‘regularly undifferentiated’”’ arms are, 
in fact, practically the same length as the non-differential parts of differentiated 
arms. It is therefore assumed that their lack of differentiation results from 
an actual deficiency for the differentially staining segments. These may be 
either entirely absent from the plant, or translocated to other chromosome 
arms where they are unable to show their special reaction. However, no 
evidence for this second possibility has been found. It is possible, of course, 
that these deficiencies may be the result of rare cases of faulty separation at 
anaphase. 

From this analysis it is apparent that chromosomes that are undifferentiated 
in all cells of a plant are deficient for the differential segment, while the 
absence of differentiation in individual chromosomes in-some cells of a plant 
is no indication of such deficiency even in those cells. 

The results of the present investigation show clearly that the differential 
staining capacity of various parts of the chromosomes under the stimulus of 
cold is essentially due to a difference in their contraction, which is a mani- 
festation of differential coiling) This may or may not be causally related 
to an upset in nucleic acid metabolism. Ultra-violet absorption measure- 
ments should now be made, to show whether the nucleic acid content per unit 
of chromonema and of chromosome length is different in the differentiated and 
non-differentiated regions. Determination of the mitotic cycle under varying 
conditions is necessary before definite conclusions can be drawn regarding 
changes in individual chromosomes during the course of a single division. 


Acknowledgments 


The authors wish to take this opportunity of thanking Professor C. L. 
Huskins for his continuing interest in the investigation, his suggestions, and 
criticisms, and Dr. G. F. Sander for his helpful suggestions during the prepara- 
tion of the manuscript. 

References 


: eae ag G. Heterochromatin in Triton. Proc. Roy. Soc. (London) B, 130 : 324-335. 
1942. 

2. DaRLInGTon, C. D. Chromosome chemistry and gene action. Nature, 149 : 66-69. 
1942. 


3. DaruinctTon, C. D. and La Cour, L. Differential reactivity of the chromosomes. Ann. 
Botany (n.s.), 2 : 615-625. 1938. 

4. Daritncton, C. D.and La Cour, L. Nucleic acid starvation of chromosomes in Trillium. 

J. Genetics, 40 : 185-213. 1940. 


e 
> 
¥ 
3 
3 
4 
Wap 
F 
2 


n wm 


co 


11. 


WILSON AND BOOTHROYD: DIFFERENTIAL CONTRACTION IN TRILLIUM 119 


C.D.andLaCour,L. Thedetection of inert genes. J. Hered. 32:115-121. 
1941, 


. Kaxuipze, N. T. Some structural details of Crepis capillaris chromosomes. Compt. 


rend. acad. sci. U.R.S.S. (n.s.) 22 : 439-440. 1939. 


. SCHULTZ, J. Physiological aspects of genetics. Ann. Rev. Physiol. 5 : 35-62. 1943. 
. SHMARGON, E. N. Analysis of the chromomere structure of mitotic chromosomes in rye. 


Compt. rend. acad. sci. U.R.S.S, (n.s.) 21 : 259-261. 1938. 


. Sparrow, A. H., Husxrys, C. L., and Witson, G. B. Studies on the chromosome spirali- 


10. 


zation cycle in Trillium. Can. J. Research, C, 19 : 323-350. 1941, 


Witson, G. B, and Boornroyp, E.R. Studies in differential reactivity. I. The rate and 


degree of differentiation in the somatic chromosomes of Trillium erectum L. Can. 
J. Research, C, 19 : 400-412. 1941. 


—. C. Combined fixing, staining and mounting media. Stain Tech. 15 : 139-153. 
1940. 


7  & 
| 
t 
|_| 
1 
e = 
e 
> 
t 
d 
it 
al 
of 
sd 
ng 
ng 
mn. 
L. 
nd 
ra- 
335. 
69. 
nn. 
um. 
. UM 


AN IMPROVED METHOD OF DETERMINING THE SMUT 
SPORE LOAD ON CEREAL SEED! 


By W. J. CHEREWICK? 


Abstract 


The determinations of the smut spore loads present on cereal seed samples 
revealed that, owing to variability in surface tension and viscosity of the washings, 
and apparently to some electrical effect, the spore counts were unreliable. These 
sources of error were very largely eliminated by adding to the washing water a 
proprietary wetting agent that not only is a good electrolyte but also effectively 
reduces the surface tension, and by adding to the residue a gelatine sol, which, 
by virtue of its colloidal properties, promotes a better distribution of the spores. 


Introduction 


An annual survey has been carried on for several years in Canada by the 
Division of Botany and Plant Pathology, in co-operation with the Plant 
Products Division of the Dominion Department of Agriculture and the 
Canadian Seed Growers’ Association, to ascertain the health condition of 
cereal seed stocks (4, 6). The determination of the smut spore load present 
on the seed of the various samples submitted for examination was an essential 
part of the survey. Initially, the method adopted in making such deter- 
minations consisted of washing 40 gm. of seed in 60 cc. of water in a 500 cc. 
Erlenmeyer flask by shaking the flask vigorously 30 times. The seed was 
weighed rather than counted, to save time and labour. A 10 cc. aliquot of 
the washing water was immediately poured into a centrifuge tube and centri- 
fuged for four minutes at 2400 r.p.m., and the supernatant liquid was drawn 
off, to leave a residue of 0.5 cc. at the bottom of the tube. The residue was 
then thoroughly stirred, and a drop of it on a standard wire loop was placed 
on a glass slide and covered with a cover glass. The smut spores in a given 
number of microscopic fields were then counted. To establish standards 
for each kind of grain, counts were first made on a series of artificially smutted 
grain samples carrying a range of known spore loads. 

Bolley (1) mentioned the use of a centrifuge in determining the spore load 
of fungi carried on cereal and flax seed, but did not give details of the method 
followed. Later, Cobb (2) described a method somewhat similar to the one 
outlined above. He pointed out that various sediments give resulting fluids 
of variable viscosity, so that the drops removed from them vary in size; 
and that, if the drop is not immediately covered after it is deposited on the 
slide, the spores begin to settle and are unevenly distributed. Heald (5), 
Davis (3), and Rice (7) described methods of determining the spore load on 
grain, in which centrifuging of the washings was omitted. Heald found that 


1 Manuscript received December 9, 1943. 


Contribution No. 757, Division of Botany and Plant Sina Science Service, Depart- 
ment of Agriculture, Ottawa, Canada, 
2 Agricultural Assistant, Dominion Laboratory of Plant Pathology, Winnipeg, Man. 
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his results were equally as accurate as when he centrifuged the grain washings, 
and Davis was of the opinion that more uniform sampling could be obtained 
if the centrifuging of the washings was omitted. 

By means of tests, it has been found that a spore load of 1 : 500,000 (1 part 
of smut in 500,000 parts of wheat, by weight) will yield less than one bunt 
spore per cu. mm. of the washings. This spore load of bunt in wheat has 
caused in the greenhouse as high as 3% infection*. It would seem, therefore, 
that spore loads of this order should not be disregarded and that, in order to 
detect them, centrifuging is necessary. 


Improvements in Method 


Early in the work, certain defects became obvious in the method already 
described. It was found, for example, that, owing to variation in the physical 
properties of the residue from sample to sample, the size of the drop taken for 
examination varied considerably. As a result, the depth of the suspension 
beneath the cover glass varied from sample to sample, and hence the volume 
of the suspension in a microscopic field was subject to continuous variation. 
To overcome this difficulty, use was made of a glass slide (Fig. 1) specially 


Fic. 1. Special spore counting slide; a = counting square; b = cover glass supports. 


designed for the purpose. This slide was prepared by affixing a 5 mm. square 
of No. 1 cover glass by means of a very thin coating of Canada balsam to 
the centre of an ordinary glass slide. This square was pressed down with the 
thumb tightly against the glass slide. On either side of this square and at a 
distance of 5 mm. from it was similarly affixed a narrow strip (4 mm. wide) 
of No. 2 cover glass especially selected so as to be as nearly as possible 130 u 
thicker than the central square. These strips were for the purpose of sup- 
porting a cover glass placed on top of a drop of residue on the central square, 
thus providing a constant depth of suspension. A haemocytometer, of 
course, would serve the same purpose. 

Another factor that admitted error in the determinations was the difficulty 
of securing an even distribution of smut spores in the residue (Fig. 2, A). A 
considerable variation was found in the average number of spores per drop of 
any particular residue (Table I). Such variations necessitated the making 
of an undue number of counts in order to obtain an average that was repre- 
sentative of the spore load. Moreover, owing to the relatively rapid settling 


» * Unpublished data of Mr. Wm. Popp, Dominion Laboratory of Plant Pathology, Winnipeg, 
an. 
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TABLE I 


DISTRIBUTION OF SMUT SPORES IN WASHINGS OF AN ARTIFICIALLY SMUTTED WHEAT SAMPLE, 
AS AFFECTED BY THE ADDITION OF GLYCERINE AND OF GELATINE. (READING MADE BY 
COUNTING THE SPORES IN EIGHT MICROSCOPIC FIELDS FOR EACH OF THE FOUR 
SEPARATE DROPS OF THE SAME SUSPENSION) 


| 
No. of spores per field a 
Drop No. Suspension medium S.d. 
Range Mean | 
1 Water alone 3 - 14 8.750 | 4.334 
2 3 - 30 15.875 | 9.494 
3 4 - 24 12.500 7.091 
4 3 - 26 14.375 | 8.418 
1 to 4 3 - 30 12.875 7.584 
1 Glycerine solution 3 - 20 9.750 6.088 
2 7-19 11.000 4.781 
6 40 16.250 | 11.511 
4 2 - 30 12.750 9.254 
1 to 4 2 - 40 12.437 8.337 
1 Gelatine sol 9 - 15 | 12.750 1.982 
9 - 18 | 13.500 2.612 
3 8 - 18 13.000 3.779 
4 9 - 18 | 13.125 3.226 
1 to 4 8 - 18 | 13.094 2.990 


of the spores, they were always most numerous on the spot where the drop 
was placed. 


By experimenting, it was found that the addition of 0.2 cc. of a 4% gelatine 
solution to 0.3 cc. of residue obviated these difficulties very largely (Fig..2, B). 
The gelatine, of course, changes the residue into a colloidal sol that promotes 
a uniform distribution of the spores and tends to delay their settling. Thus, 
each drop was found to contain approximately the same number of spores. 
The addition of glycerine was also tested but it did not improve spore distri- 
bution. A representative test on the effect of gelatine and glycerine on the 
distribution of smut spores in a residue is summarized in Table I. A statistical 
analysis of the data is given in Table II and the comparison of the F values 
in Table III. It may be seen from these tables that the addition of gelatine 
resulted in a highly significant improvement in the distribution of the spores 
both within a drop and between drops of the same residue. As a result of 
this improvement, therefore, a count of several microscopic fields, or, if the 
spore load was very light, of several microscopic swaths across the square, 
gave a fairly reliable basis for estimating the spore load of a grain sample. 


Still another factor responsible for error in the determinations was the 
failure of the centrifuge to effect complete sedimentation of the spores. 
Cobb (2) observed that, after centrifuging a suspension, a few spores (but 
never more than 0.1%) still remained suspended in the water. In the course 
of the present work, it was not infrequently noticed that a thin dark scum 
remained on the surface of the water in the tubes after centrifuging at 2400 
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Fic. 2. Microphotographs to illustrate the effect of the addition of gelatine to the residue of a 
spore suspension. Two tubes of the same suspension were centrifuged simultaneously. 
A 1, 2, and 3. A microscopic field of each of three different drops of residue in one tube to 


which no gelatine was added. B 1,2, and 3. A microscopic field of each of three different 
drops of residue in the other tube to which gelatine was added. 
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TABLE II 
ANALYSIS OF VARIANCE OF NUMBER OF SPORES PER MICROSCOPIC FIELD* 
Suspension | Source of 
medium variance Sis. Df. M.s. 

Water Between drops 3.9039 3 1.3012 
Within drops 34.4503 28 1.2304 
Glycerine Between drops 3.0148 3 1.0049 
Within drops , 34.5070 28 1.2324 
Gelatine Between drops 0.0460 3 0.0153 
Within drops 4.9250 28 0.1759 


* Because frequencies were small whole numbers, the square root transformation of data 
was used for this analysis. 


TABLE III 


COMPARISONS OF VARIANCES WITHIN AND BETWEEN DROPS OF WATER, GLYCERINE 
SOLUTION, AND GELATINE SOL 


Suspension Source of 5% 1% 

medium variance Dé. Ms. F point point 
Water Between drops 3 1.3012 1.2948 9.28 29.46 
Glycerine 1.0049 
Water Between drops E 1.3012 85.0457 9.28 29.46 
Gelatine 3 0.0153 
Glycerine Between drops 3 1.0049 65.6797 9.28 29.46 
Gelatine 3 0.0153 
Water Within drops 28 1.2304 1.0016 1.87 2.44 
Glycerine 28 1.2324 
Water Within drops 28 1.2304 6.9949 1.87 2.44 
Gelatine 28 0.1759 
Glycerine Within drops 28 1.2324 7.0062 1.87 | 2.44 
Gelatine 28 0.1759 


r.p.m. for four minutes. Upon examination, it was readily manifest that the 
scum consisted almost entirely of fungus spores, mainly smut spores. Centri- 
fuging such tubes for 15 min. failed to throw down these spores. Moreover, 
it was found that the number of spores held on the surface of the water had 
no relation to the spore load of the grain sample involved (Table IV). As 
shown in Table IV, in some washings there were more smut spores in a drop 
taken from the surface of the supernatant liquid than in a drop of the 0.5 cc. 
residue. Although such results might arise to some extent through surface 
tension, they seem largely to be due to some complex electrical effect as, in 
washings of different 40-gm. lots of the same seed sample, the number of 
spores held at the surface varied from day to day and also with the person 
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TABLE IV 


COMPARISON OF THE NUMBER OF SPORES, AFTER CENTRIFUGING, HELD ON THE 
SURFACE OF THE WATER AND IN THE 0.5 CC. RESIDUE. THE AVERAGE 
NUMBER OF SMUT SPORES PER HIGH POWER MICROSCOPIC SWATH 
AS DETERMINED BY A COUNT OF EIGHT SWATHS ACROSS THE 
SQUARE ON THE COUNTING SLIDE 


Senate Kind of Average number of spores 
number seed At surface In residue 
58 Oats 500 40 
79 40 “ 
5 624 
= 1.2 220 
147 2.5 ” 

1 Barley 2 2.5 
56 2.5 417 
32 391 

102 Tr. 1 
117 73 216 
35 Wheat 2 3 
86 9 280 
186 473 379 
335 4 40 
536 5 32 


who made the washings and filled the centrifuge tubes. Furthermore, the 
addition of a few crystals of common salt to the tubes prior to centrifuging, 
substantially reduced the number of spores held on the surface of the water 
in spite of the fact that the salt did not reduce the surface tension. The 
addition of salt, however, did not effect complete sedimentation of the spores, 
and some further experiments were made in the hope of overcoming this source 
of error. 

In these experiments, certain substances that increase the electrical con- 
ductivity of water, as well as some that reduce surface tension, were added 
to the washing water. Of the electrolytes, sodium chloride, sodium hydroxide, 
and hydrochloric acid were tested but each of these gave inconsistent results. 
These substances, particularly hydrochloric’ acid, reduced the number of 
spores held on the surface, but the total number of spores washed off the seed 
varied widely. As a rule, fewer spores were washed off in the electrolytes 
than in distilled water alone. Of the substances that reduce surface tension, 
ethyl alcohol, glycerine, and a proprietary wetting agent (an ester of sul- 
phonated bicarboxylic acid dispersed in water) were tested. The addition of 
glycerine not only failed to improve spore sedimentation. but actually reduced 
the number of spores washed off the seed. The addition of alcohol in various 
proportions somewhat improved sedimentation but did not give wholly satis- 
factory results. Even in 20% alcohol, sedimentation of the spores was not 
complete nor was the number of spores washed off the seed regularly increased. 
The latter observation is in agreement with the conclusion of Rice (7). 
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Alcohol, in combination with an electrolyte, such as hydrochloric acid or 
sodium hydroxide, gave better results than either of the substances alone, 
thus further confirming the evidence that the spores are not held at the sur- 
face of the suspension by surface tension alone. Of all the substances tested, 
the proprietary wetting agent gave the best results. One drop of this wetting 
agent in 60 cc. of water was sufficient to cause complete sedimentation of the 
spores. Many centrifuged tubes were examined and in none were any spores 
found at the surface. The wetting agent not only reduced the surface tension 
but, being a good electrolyte, increased the conductivity of the suspension. 
Representative data in respect to the comparative efficiency of this wetting 
agent, acidified alcohol, and alkalinized alcohol, added to distilled water are 
summarized in Table V. 
TABLE V 


EFFICIENCY OF DISTILLED WATER AND THREE SOLUTIONS IN WASHING OFF SMUT SPORES FROM 
CEREAL SEED AND THEIR EFFECT ON SPORE SEDIMENTATION BY CENTRIFUGING 


Average number of spores in microscopic swath 
Kind 7 0.1% Wetting 15% Alcohol 15% Alcohol 
Water agent 0.3% NaOH | + 0.5% HCl 
see 
At In At In At In At In 
surface | residue | surface! residue | surface} residue | surface | residue 
56 Oats 32 391° 0 597 28 540 8 382 
164 2 5 0 Te. 2 0 1.3 
186 73 216 0 389 21 253 6 136 
1 Barley 2 2.5 0 7 0 3 0 1.3 
169 17 28 0 87 12 27 16.5 17 
343 3 | 0 ee a 2.7 1 4.2 
18 Wheat 10 131 0 267 11 147 6 107 
335 4 40 0 147 3 64 2 153 
437 z 3 0 6 1 2 2 5 
618 4 142 0 250 1 134 2 183 


In the course of these tests, it was found that distilled water alone did not 
wash off so high a percentage of the spores from naturally as from artificially 
smutted seed. Some naturally smutted samples were washed in distilled 
water as many as 10 times and still a considerable number of spores were 
removed by the last washing. Moreover, in washing naturally smutted 
seed, the addition of a drop of the wetting agent resulted in the removal of 
from two to four times as many spores as with distilled water alone. On the 
other hand, Rice (7) found that, in five samples of wheat (presumably naturally 
smutted), from 75.6 to 93.1% of the spores were removed in the first washing 
with distilled water, a trace of spores only being present in the third washing. 
In the event that his samples were artificially smutted, his results are in 
agreement with those of the present study, in which distilled water alone 
removed as many spores from artificially smutted samples as it did with the 
wetting agent added. 
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Summary of Improved Method 


As a result of these studies, the following procedure was adopted in deter- 


mining the smut spore load on cereal seed: 


1. Forty grams of seed is placed in a 500 cc. Erlenmeyer flask to which 


60 cc. of distilled water containing 0.1% of the wetting agent is added. 
The flask is then shaken vigorously 30 times. In shaking the flask, the 10th, 
20th, and last stroke is made by a reverse sharp upward thrust of the forearm, 
in order to overturn thoroughly the seed mass in the flask. 


2. Thereupon, 10 cc. of the washings is immediately poured into a centri- 


fuge tube, to avoid settlement of the spores. (In this connection, it may be 
observed that a mechanical device for shaking the flask and for withdrawing 


an aliquot would eliminate the personal element in the procedure.) 


3. The washings are centrifuged for four minutes at 2400 r.p.m., after 


which the supernatant liquid is siphoned off to within 0.3 cc. 


4. To the residue is added 0.2 cc. of a 4% gelatine solution, maintained 


at 45° C., to make a total of 0.5cc. The spores are then thoroughly dispersed 
in this medium by stirring. If the grain sample is dirty, distilled water and 


. gelatine in the proportions just indicated are added, to double or treble the 


amount of the dispersion medium so as to make possible an accurate count 
of the spores. 


5. A loopful of the residue is quickly withdrawn and placed on the special 


slide and immediately covered with a cover glass. If smut spores are nume- 
rous, eight microscopic fields are counted; if scarce, eight swaths across the 
aforementioned square are counted. By comparing the spore counts with 
those of the standards already referred to, the spore load of the grain sample 
is determined. 
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ACTION DE LA THIAMINE SUR LE PHYTOPHTHORA INFESTANS 
(MONT.) DE BARY! 


Par A. PAYETTE? ET C. PERRAULT? 


Sommaire 


Le Phytophthora infestans (Mont.) de Bary s’est avéré complétement hétéro- 
trophe envers la thiamine. La quantité optimum de cette substance par cm.* 
du milieu synthétique a semblé étre 0.2 ug (microgramme). A |l’encontre du 
champignon Phycomyces Blakesleeanus Burgeff, employé comme test, le P. 
infestans n’a réagi en aucune facon aux dérivés pyrimidine et thiazole de la 
thiamine. L’inositol, en mélange avec certaines doses de thiamine, sembla 
déprécier quelque peu I’action de cette dernitre substance. Un extrait de levure, 
presque inefficient seul, parut aider la thiamine a produire son effet. 


Introduction 


C’est tout au début de ce siécle, une dizaine d’années avant que Funk (2) 
ait introduit le terme ‘‘vitamine’’, que Wildiers (8) appela “‘bios”’ une ‘‘nouvelle 
substance indispensable au développement de la levure’’. Ni l’un ni l’autre 
de ces chercheurs n’avaient isolé une substance pure, mais tous les deux 
avaient affaire 4 un mélange de certaines de ces substances organiques capables 
de déclencher, 4 doses infinitésimales, des fonctions physiologiques vitales. 
Dans cet article, nous emploierons occasionnellement les termes ‘“‘suppléments 
biodynamiques” ou ‘‘biodynames” tout court pour désigner de telles sub- 
stances, remettant 4 plus tard, s’il y a lieu, la discussion des termes. Avant 
l’isolation de ces substances sous une forme chimiquement pure, on ne pouvait 
guére tirer de conclusion définitive sur leur action; les travaux des pionniers 
dans le champ des relations entre les vitamines et les champignons en ont été 
infirmés d’autant. 

Ce fut avant tout l’oeuvre de Schopfer d’établir que certains champignons 
filamenteux ne peuvent se passer de vitamines. Ce chercheur suisse a publié — 
de nombreux travaux dans ce*domaine depuis 1930, travaux dont on peut 
retrouver la substance dans son livre récent qui constitue en méme temps un 
exposé solide de la question des vitamines en rapport avec les plantes en 
général (7). Aprés avoir démontré qu’une trés petite quantité de thiamine 
rendait possible le développement du Phycomyces Blakesleeanus Burgeff dans 
un milieu strictement synthétique, il préconisa l’emploi de cette mucorinée 
comme test végétal pour la thiamine. Schopfer contribua par la suite a 
déterminer qu’un mélange des deux constituants (pyrimidine et thiazole) de la 
thiamine est tout aussi efficace que la thiamine elle-méme envers ce cham- 
pignon. Le méme investigateur étendit ses recherches a d’autres champignons 


1 Manuscrit recu le 18 octobre 1943. 
Contribution No 754 dela Division de Botanique et de Phytopathologie, Service Scientifique, 
Ministére de l’Agriculture, Ottawa, Canada. 
2 Adjoint en Agriculture (Phytopathologie), Laboratoire Fédéral de Pathologie Végétale, 
Sainte-Anne-de-la-Pocatiere, Qué. 
3 Chef, Laboratoire Fédéral de Pathologie Végétale, Sainte-Anne-de-la-Pocatitre, Qué. 
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dont un certain nombre manifestérent de l’hétérotrophie envers la thiamine. 
Parmi ces derniers, le Mucor Ramannianus MOll. put se contenter de thiazole, 
et plusieurs, comme le Parasitella simplex Bainier, n’eurent besoin que de 
pyrimidine. 

Robbins et Kavanagh (6) ont résumé les résultats obtenus dans la recherche 
des exigences en vitamines des champignons filamenteux. En consultant la 
liste qu’ils ont dressée, on pourra se rendre compte du fait que les Phytophthora, 
comme groupe, présentent un cas extréme d’hétérotrophie envers la thiamine, 
en ce sens que la plupart des champignons appartenant a ce genre ont semblé 
requérir, 4 l’instar des animaux, l’apport de la molécule intégrale de la thiamine. 
D’ot le recours au Phytophthora de préférence au Phycomyces comme test 
végétal pour la thiamine; a cet effet, Bonner et Buchman (1) utilisérent le 
Phytophthora cinnamoni Rand, et Lilly (3) employa le Phytophthora erythro- 
septica Pethybr. 

Robbins (5), en 1939, exprime la possibilité que les étres humains réclament 
la thiamine au méme titre que le Phytophthora infestans (Mont.) de Bary. 
Ce mildiou fut l’un des champignons reconnus par Payette (4), en 1942, 
comme inaptes 4 synthétiser tous leurs biodynames. Dans ses essais, le 
P. infestans ne put croitre dans la solution nutritive sans supplément bio- 
dynamique et ne se développa que d’une facgon négligeable sur le méme milieu 
solidifié avec de l’agar Bacto. Un extrait de levure n’amena qu’une croissance 
a peine perceptible dans le milieu liquide, mais activa légérement la croissance 
quand ce milieu était renforcé d’agar Bacto. L’apport supplémentaire de 
thiamine au milieu agarisé ou liquide permit une croissance satisfaisante. 
La thiamine, per se, se montra presque aussi efficace qu’un mélange de thiamine 
et d’extrait de levure. La pyrimidine et le thiazole, s¢parément ou en mélange, 
ne purent remplacer la thiamine. L’action de l’inositol et de la biotine ne se 
manifesta pas de fagon décisive. La croissance fut excessivement lente au 
début, ce qui pourrait ¢tre attribué, dans une certaine mesure, au fait que la 
semence avait été prélevée de cultures sur gélose. Ce retard pouvait infirmer 
les résultats obtenus avec certains suppléments biodynamiques. II] a donc 
semblé opportun de poursuivre des recherches de cette nature sur cet important 
parasite de la pomme de terre, tant pour vérifier certains résultats précités 
que pour essayer de déterminer si quelque quantité optimum de thiamine ne 
pourrait assurer au Phytophthora infestans une croissance rapide et abondante. 


Partie expérimentale 
TECHNIQUE DES ESSAIS 


La lignée du Phytophthora infestans a \’étude fut isolée d’un tubercule de 
pomme de terre mildiousé récolté dans le comté de Kamouraska, Province 
de Québec. Le champignon-test pour la thiamine et ses constituants était 
une lignée du Phycomyces Blakesleeanus, de la race +, originairement de 
Baarn, en Hollande. 

La thiamine, la pyrimidine, le thiazole, et l’inositol ont été fournis a titre 
gracieux par Merck & Co. (Research Laboratory), Rahway, N.J. La pyri- 
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midine avait pour formule: 2-méthyl-5-éthoxy-éthyl-6-amino-pyrimidine* et le 
thiazole: 4-méthyl-5-8-hydroxy-éthyl thiazole. L’extrait de levure (Bacto) 
était un produit de la firme Difco. 

Le milieu imaginé par Payette (4) pour la culture du Phytophthora infestans 
et de nombreux autres microrganismes, s’étant avéré favorable 4 ce genre 
d’investigations, fut adopté pour ces essais. 

Voici sa composition: 


Dextrose 5 g. 
Glycine 1 g. 
Phosphate tribasique de potassium 1 g. 
Phosphate dibasique de sodium 1 g. 
Sulfate de magnésium 
Tartrate d’ammonium 1 g. 
Nitrate d’ammonium 1 g. 
Asparagine 0.5 g. 
Acide fumarique 0.25 g. 
Acide succinique 0.25 g. 
Chlorure de calcium 0.02 g. 
Acide borique 1 p.p.m. 
Chlorure ferreux 1 p.p.m. 
Sulfate de manganése 1 p.p.m. 
Eau distillée 1000 


La réaction de cette liqueur était légérement acide (pH 6.2) et ne fut pas 
modifiée. 

Toutes les substances chimiques employées étaient d’une trés grande pureté. 
Tous les appareils de verrerie utilisés furent lavés dans de la liqueur chromique, 
puis, rincés a l’eau naturelle et, finalement, a l’eau distillée. Le liquide 
minéral fut transvasé dans des flacons d’Erlenmeyer (fioles coniques) d’une 
capacité de 125 cm*, a raison de 25 cm* de liqueur par flacon. Le tout fut 
stérilisé 4 17 Ib de pression de vapeur durant 20 min. Puis, les divers bio-’ 
dynames 4 l’essai furent prélevés de solutions fraichement préparées et 
introduits, selon les proportions déterminées, dans les flacons disposés a cet 
effet. Suivit une deuxiéme stérilisation des fioles 4 15 lb de pression durant 
15 min. Trois fioles coniques furent disposées pour un méme champignon 
pour chaque traitement. Le champignon Phycomyces Blakesleeanus fut exclu 
des traitements ot sa présence ne semblait devoir fournir aucune indication 
qui vaille. On trouvera la liste des divers traitements dans les Tableaux I 
et II ot sont consignés les résultats obtenus. 


I] a été possible d’obtenir, comme source de semence, des cultures vigoureuses 
du P. infestans en repiquant ce champignon sur des tranches de pommes de 
terre en boites de Petri. Lors de l’ensemencement, ces cultures étaient 4gées 
d’une semaine et en parfaite condition. Pour des fins pratiques, la semence 

* La pyrimidine incluse dans les essais antérieurs de Payette (4) sur le Phytophthora infestans 


était une contribution de la Cie Hoffmann-La-Roche et répondait a la formule: 2-méthyl-6-amino- 
5-chlorométhyl pyrimidine. 


; 
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du P. infestans dut consister en des parcelles de mycélium. Une suspension 
dense de spores du P. Blakesleeanus fut préparée pour en faciliter l'ensemence- 
ment. Les flacons ensemencés furent laissés 4 la température du laboratoire 
variant entre 22°C. et 25°C. Durant les dix premiers jours qui suivirent 
l’ensemencement, ils furent gardés a l’obscurité relative et ensuite exposés a la 
lumiére diffuse du laboratoire. 


Immédiatement aprés la prise de photographies, un mois aprés |’ensemence- 
ment, le mycélium fut desséché 4 60° C. durant trois quarts d’heure, puis, 
pesé avec les précautions voulues. 


RESULTATS 


Le comportement du P. Blakesleeanus indiqua de bonne heure l’absence a 
peu prés compléte de thiamine et de ses dérivés dans le milieu synthétique et 
nous rassura passablement sur l’intégrité des suppléments biodynamiques 
aprés la stérilisation. La réaction du P. infestans a certains suppléments ne 
tarda guére a se manifester. 

Il ressort des résultats consignés dans le Tableau I que la pyrimidine 
(No 20), le thiazole (No 21), ou un mélange des deux constituants (No 22) 
n’ont pu favoriser la croissance du P. infestans (cf. Fig. 1, 2, 3, 4). 


TABLEAU I 
REACTION DU Phytophthora infestans ET DU Phycomyces Blakesleeanus \ DIVERS SUPPLEMENTS 
BIODYNAMIQUES 
Poids moyen en mg du 
Me mycélium sec, un mois 

Suppléments biodynamiques a l’essai. Nature apres |’ensemencement 

ant et quantité dans 1 cm* de liqueur 
Phytophthora | Phycomyces 
infestans Blakesleeanus 

1 Témoin 0.3 0.4 

3 Thiamine, 0.0004 pg 4.1 14.4 

4 Thiamine, 0.0004 ug + inositol, 1 mg 5.6 16.2 

8 Thiamine, 0.02 ug 38.6 —* 

9 Thiamine, 0.02 ug + extrait de levure, 0.2 mg 43.0 50.3 

10 Extrait de levure, 0.2 mg 19.6 

13 Thiamine, 0.2 yg 45.8 52.9 

14 Thiamine, 0.2 yg + inositol, 1 mg i 46.6 

19 Inositol, 1.0 mg > 12.4 
23 Pyrimidine, 0.02 ug + thiazole, 0.02 ug + 

inositol, 1 mg 1.8 45.3 

20 Pyrimidine, 0.02 ug 0.2 13.2 

21 Thiazole, 0.02 yg 0.7 14.2 

22 Pyrimidine, 0.02 wg + thiazole, 0.02 ug 0.8 46.9 


* Le P. Blakésleeanus n’a pas été inclus dans ce traitement. 


L’inositol sembla déprécier dans une certaine mesure I’action de la thiamine 
sur le Phytophthora infestans (cf. Fig. 5, 6, 7, 8) ainsi que sur le Phycomyces 
Blakesleeanus (Nos 13 et 14). 
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PLANCHE I 


Croissance du Phytophthora infestans, un mois apres l'ensemencement, dans un liquide 
minéral—dextrose contenant de l’asparagine et divers acides organiques, avec les suppléments 
suivants. 

Fic. 1. Pyrimidine, 0.02 wg plus thiazole, 0.02 pg. Fic. 2. Thiazole, 0.02 wg. 
Fic. 3. Pyrimidine, 0.02 ug. Fic. 4. Pyrimidine, 0.02 ug plus thiazole, 0.02 ug plus 
inositol, 1.0 mg. Fic. 5. Inositol, 1 mg. Fic. 6. Thiamine, 0.2 yg plus inositol, 1 mg. 
Fic. 7. Thiamine, 0.0004 wg plus inositol, 1 mg. Fic. 8. Thiamine, 0.0004 wg. Fie. 9. 
Thiamine, 0.0001 wg. Fic. 10. Thiamine, 0.0012 pg. Fic. 11. Thiamine, 0.004 ug. 
Fic. 12. Thiamine, 4.0 ug. Fic. 13. Thiamine, 0.2 pg. Fic. 14. Aucun. Fic. 15. 
Extrait de levure,0.2 mg. Fic. 16. Thiamine, 0.02 wg plus extrait de levure, 0.2 mg. 
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L’extrait de levure (No 10), comme seule source de suppléments biody- 
namiques, ne s’est guére montré efficace sur le P. infestans, mais un mélange 
d’extrait de levure et de thiamine (No 9) a provoqué une croissance plus rapide 
que celle produite par la méme quantité de thiamine employée seule (No 8). 
Ici encore, le P. Blakesleeanus a semblé se comporter de fagon analogue. 
Les résultats consignés dans le Tableau I corroborent ceux dont il a été fait 
mention dans |’introduction. Dans les deux cas, le P. infestans s’est montré 
complétement hétérotrophe envers la thiamine. 


La deuxiéme partie de l’expérience avait pour objet de déterminer la 
quantité optimum de thiamine pour le Phytophthora infestans. Avec les cing 
premiers traitements rapportés dans le Tableau II et dans lesquels la quantité 


TABLEAU II 


REAcTION DU Phytophthora infestans ET DU Phycomyces Blakesleeanus A DIFFERENTES DOSES 
DE THIAMINE 


Poids moyen en mg du mycélium sec, 
No du Quantité de thiamine un mois apres l’ensemencement 
traitement dans 1 cm? 

du milieu synthétique Phytophthora » Phycomyces 

infestans Blakesleeanus 
1 Témoin 0.3 0.4 
2 0.0001 re 5.9 
3 0.0004 4.1 14.4 
5 0.0012 12.6 —* 
6 0.004 26.3 — 
0.012 38.0 
8 0.02 38.6 
11 0.04 41.1 — 
12 0.1 35.9 
13 0.2 45.8 52.9 
15 0.4 44.1 — 
16 1.0 36.6 47.9 
17 2.0 45.9 46.2 
18 4.0 40.0 45.7 


* Les traits indiquent que le P. Blakesleeanus n'a pas été inclus dans le traitement. 


de thiamine était nulle (No 1) ou insuffisante (Nos 2, 3, 5, et 6), il fut possible 
de noter un affaissement des hyphes d’autant plus précoce que la quantité 
de thiamine était plus faible (cf. Fig. 9, 10, 11, 12). Des doses de thiamine 
variant de 0.01 44.0 ug par cm* de liqueur ont amené une bonne croissance, 
comme I’indique le Tableau II. Cependant, la croissance fut plus lente au 
début avec les plus fortes doses de thiamine (Nos 15, 16, 17, et 18). Comme 
on en put juger par sa croissance rapide et uniforme depuis le début et par 
son poids relativement élevé a la fin de l’expérience, c’est avec le traitement 
No 13, dans les fioles contenant 0.2 wg de thiamine par cm? de liqueur, 
que le Phytophthora infestans s’est le mieux comporté. 
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Discussion et conclusions 


A V’instar d’autres parasites trés agressifs, le Phytophthora infestans est 
difficile 4 cultiver en milieux artificiels ordinaires ot sa croissance est générale- 
ment trés lente et languissante, alors que le méme champignon peut croitre 
avec une rapidité extraordinaire sur ses hétes naturels. La détermination 
des biodynames susceptibles de provoquer une croissance rapide et abondante 
de ce parasite en milieu synthétique semble devoir fournir l’explication, au 
moins partielle, de la physiologie de son parasitisme. Dans les conditions de 
la présente expérience, la thiamine, ajoutée 4 raison de 0.2 wg par cm?® 
de la solution nutritive, a produit les meilleurs résultats et constitue peut- 
étre la clef du mystére. II est probable, cependant, que d’autres substances 
analogues peuvent exercer quelque influence et modifier dans une certaine 
mesure l’action de la thiamine. On a pu noter une influence quelque peu 
défavorable de l’inositol, en mélange avec certaines doses de thiamine. Par 
ailleurs, l’extrait de levure, presque inefficient seul, a paru accélérer l’action 
de la thiamine (cf. Fig. 13, 14, 15, 16). Nous croyons pouvoir conclure que la 
thiamine est un supplément indispensable au développement du Phytophthora 
infestans et qu’un certain équilibre entre cette substance et d’autres biody- 
names parait nécessaire pour assurer 4 ce parasite une croissance optimum. 
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Phytophthora infestans appeared to require thiamine, maximum effects 
being obtained with 0.2 ugm. (microgram) of this substance in 1 cc. of the 
liquid mineral-dextrose medium containing asparagine and organic acids. 
In contrast with Phycomyces Blakesleeanus, used as a test, P. infestans did 
not respond to the pyrimidine and thiazole derivatives of thiamine. Inositol, 
in combination with thiamine at certain concentrations, appeared to inhibit 
somewhat the effect of this substance. A yeast extract preparation, almost 
ineffective alone, has apparently increased the effect of thiamine. 
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AN IMPROVED ARRANGEMENT FOR THE MEASUREMENT 
OF CARBON DIOXIDE OUTPUT OF RESPIRING PLANT 
MATERIAL BY THE ELECTRICAL 
CONDUCTIVITY METHOD! 


By W. Leacn?, D. R. Morr’, anp H. F. BAtuo* 


Abstract 


A brief review of the application of the electrical conductivity method of 
estimating carbon dioxide in respiration measurements is given and an apparatus 
which employs this method is described. The apparatus was designed and con- 
structed by the authors for the purpose of recording respiratory carbon dioxide 
output of plant material; it comprises an oscillator, amplifier, and vacuum tube 
voltmeter that work in conjunction with a special type of absorption tube. 
Sodium hydroxide solution is used as the absorbing reagent. A simple set-up 
for automatic recording is described. 


Introduction 


The important bearing that data relating to the respiratory activity of 
plant material may have upon many problems in plant physiology is well 
known. As a consequence much research has been carried out with the aim of 
developing experimental methods that will reduce the amount of routine work 
involved in the obtaining of such data. 


An arrangement, frequently found satisfactory for respiration measurements, 
is the familiar continuous current method in which a stream of carbon- 
dioxide-free air is passed over the experimental material, and the resulting 
respiratory carbon dioxide absorbed in a solution of barium hydroxide and 
its quantity estimated by titration of the absorbing reagent at fixed intervals. 
The laborious and time-consuming nature of the work of carrying out numerous 
such titrations, together with the lack of sensitivity of the method, have 
always been serious disadvantages accompanying its employment. As a 
result of this a number of workers have, with varying success, used the elec- 
trical conductivity method to replace the titrations in the estimation of the 
amount of carbon dioxide taken up by the absorbing reagent. This method 
makes use of the fact that the electrical conductivity of the absorbing solution 
decreases as the carbon dioxide is absorbed so that change in conductivity 
can be taken as a measure of this carbon dioxide. 


Spoehr (7) and McGee (8), in 1923, were apparently the first to use the 
conductivity method for measuring the respiratory carbon dioxide of plant 
material. The carbon dioxide was absorbed in barium hydrexide solution, 
originally of concentration 0.12 N and later 0.05 JN, the latter being found to 
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be the weakest solution capable of complete absorption. To avoid errors 
due to the deposition of barium carbonate on the electrodes, the solution 
was allowed to settle in a tightly stoppered bottle before its conductivity was 
determined with a pair of dipping electrodes. The cell constant was varied 
according to the degree of sensitivity required. With their most sensitive 
arrangement 1 mg. of carbon dioxide absorbed produced an observed increase 
in resistance of about 22 ohms. Further increase in sensitivity was obtained 
by reducing the amount of absorbing solution employed from 125 cc. to 75 cc. 


An experimental arrangement of great sensitivity was described by Fenn 
(4) in 1926 and used in the determination of carbon dioxide output of stimu- 
lated nerves. In this the absorbing vessel contained only 7 cc. of 0.00475 M 
barium hydroxide, the gas being continually circulated through it in a closed 
system. No mention was made of any error arising from the deposition of 
barium carbonate on the electrodes, but the author did observe a slight zero 
shift in blank experiments which he attributed to a slow reaction between 
the barium hydroxide and the glass of the absorbing tube. 


an In 1927 Raymond and Winegarden (6) used the method for estimating the 
7 carbon dioxide output of fermenting mixtures. They used a pipette type of 
conductivity cell and apparently they experienced no trouble from the deposi- 
tion of barium carbonate on the electrodes. They also found that a slight 
change in the conductivity of the absorbing solution occurred in blank experi- 
ments, but they did not attempt to explain this. 


The same year Bayliss (1) published an account of a conductivity method in 
which sodium hydroxide replaced the barium hydroxide that had hitherto 
been used. The use of sodium hydroxide constituted a definite advance; 
the advantages accompanying the employment of this reagent will be discussed 
later. 


The most complete examination of the conductivity method of respiration 
measurement that so far has been made was carried out by Newton. Both 
practical and theoretical aspects of the method were studied, and his results 
were published in 1935 (5). He used a thermionic valve oscillator and 
amplifier to produce his bridge current, and although barium hydroxide was 
employed to absorb the carbon dioxide, trouble arising from the presence of 
the carbonate precipitate was obviated by the introduction of a filter between 
the absorption tube and the conductivity cell. 


More recently, in 1940, Steward and Preston (9) used the sodium hydroxide 
conductivity method to measure the respiration of potato disks. 


In 1941 Clark, Shafer, and Curtis (3) described apparatus that they claimed 
would give a continuous automatic record of the carbon dioxide output of 
respiring material. In their arrangement they used a 60 cycle alternating 
current with their conductivity bridge. The experience of the present 
writers and of others show that the use of a current of so low a frequency 
would result in such large polarization errors that the method would be quite 
useless for work requiring any degree of accuracy. It is generally accepted 
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that a frequency of the order of 1000 cycles is necessary if polarization is to 
be satisfactorily obviated. 


Experimental Procedure 


In the course of some respiration studies on germinating barley undertaken 
by the writers, it was decided to use the electrical conductivity method for 
the measurement of the carbon dioxide evolved. In this work the gas was 
absorbed in sodium hydroxide and the amount taken up estimated by measur- 
ing the electrical conductivity of the absorbing solution at intervals throughout 
an experimental run. The conductivity measurements were made with the 
alternating current Wheatstone’s bridge, using the null method, as employed 
by the other workers mentioned above. The apparatus used consisted of a 
General Radio, tuning-fork—controlled, 1000 cycle oscillator as a source of 
current and a bridge circuit, including the conductivity cell, a Leeds and 
Northrup 0 to 9999 ohms decade resistance box, and circular slide wire, head 
telephones being used to determine the null point. 


Tn the course of this work preliminary experiments were carried out with a 
view to finding out if the method could be adapted for automatic recording. 
For this purpose the head phones in the bridge circuit were replaced by a 
galvanometer in combination with an oxide rectifier, the aim being to use 
the change in out-of-balance deflection as a measure of the carbon dioxide 
absorbed. It was found, however, that the arrangement was unworkable 
owing to the lack of constancy in the output of the oscillator. After a careful 
examination of this problem of producing an a-c. current of sufficient constancy, 
it was decided to abandon the use of the bridge circuit and to obtain a direct 
measurement of the change in conductivity of the absorbing solution by means 
of a vacuum tube voltmeter working in conjunction with a thermionic valve 
oscillator. 


The Oscillator and Vacuum Tube Voltmeter 


The mode of operation and the constructional details of this arrangement 
are as follows. 


The change in resistance of the electrolytic cell is determined by measuring, 
by means of a diode vacuum tube voltmeter, the change in the a-c. potential 
drop across the cell when a constant alternating current of frequency approxi- 
mately 1000 cycles per second flows through the cell. The circuit, incorporat- 
ing oscillator, constant current amplifier, and vacuum tube voltmeter, is 
shown in Fig. 1. The first stage is a resistance-stabilized audio frequency 
oscillator* generating the required 1000 cycles per sec. wave. This stage 
feeds into a resistance- capacitance-coupled pentode amplifier (11) designed to 
deliver to the electrolytic cell an alternating current that is practically inde- 
pendent of the resistance of the cell provided this resistance is small, say, less 

* See (10, p. 283) for a description of this circuit. In this circuit the values of R, and C, 
are critical and must be adjusted by trial and error in the actual circuit to obtain the desired fre- 


quency together with good wave form and stability. The primary inductance of the transformer Le 
must be small. (See Fig. 1.) 
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Conductivity cell 


Fic. 1. Circuit diagram of oscillator and vacuum tube voltmeter. For description, see 
text. Values of components are given below. L,\—A.F. choke 140 H; L.—Interstage A.F. 
transformer (Hammond No. 139 ); R,—7000 ohms, 1-wati; Ra—See footnote p. 135; Rs—50,000 
ohm w.w. potentiometer; R;—1000 ohm w.w. potentiometer; Rs, R;—10,000 ohm w.w.; Re— 
20,000 ohm w.w.; Rs—50,000 ohm, 1-watt; C,, Cx, Cs, Ce—O.25 mfd. paper; C.—See footnote 
p. 135; Cs—25 mfd. electrolytic; C;—1 mfd. paper; S;, Sx—D.P.S.T. toggle switches. (w.w.= 
wire wound. ) 


than 2000 ohms*. Hence the a-c. potential drop across the cell is almost 
directly proportional to the resistance of the cell. The diode vacuum tube 
voltmeter (10), which constitutes the third stage of circuit, is designed so that 
the associated galvanometer may be made to read zero (by varying the 
potentiometer R, of Fig. 1) for the initial resistance of the electrolytic cell. 
The galvanometer deflection at any time is, therefore, almost directly propor- 
tional to the change in resistance of the electrolytic cell from its initial value. 

The entire circuit is mounted on a 3 in. X 5 in. X 7 in. metal chassis and is 
operated from one 6.3-volt storage battery and three heavy duty 45-volt B 
batteries in series. The type 4500 Tinsley galvanometer used as recording 
instrument has a sensitivity of 50 mm. per microampere and a resistance of 
10 ohms. ‘ 


Details of the connections to the oscillator-voltmeter circuit are shown 
in Fig. 2. To avoid any assumptions respecting linearity or constancy of 
voltmeter calibration**, the resistance of the electrolytic cell is usually deter- 
mined by substitution. This is accomplished by means of the doubie-pole 
double-throw switch (S;, Fig. 2), which permits either the electrolytic cell 
or a standard decade resistance box (Ry, Fig. 2) to be connected across the 


* Tf an electrolytic cell of higher resistance is used; Rand Rg must be increased in approximate 
proportion to the resistance of the cell. The values of the resistors are not critical. 


** Preliminary experiments indicate that the voltmeter calibration is sufficiently linear and 
constant to permit the circuit to be used for automatic recording of cell resistance. For experiments 
covering a period of 24 hr. it appears that the maximum error in the measurements of resistance 
will not exceed 2 or 3 ohms. Indeed, the possibility of automatic recording over long periods of 
time is the chief advantage of the present method over the a-c. bridge method of measuring resistance. 
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Fic. 2. Diagram showing connections between oscillator—voltmeter A, Conductivity cell B, 
and galvanometer C. For further description see text. 


cell terminals of the oscillator—-voltmeter circuit. To determine the resistance 
of the cell it is merely necessary to vary Ry until the same galvanometer 
reading is obtained with either electrolytic cell or the standard resistance, 
Ry, in circuit. Sensitivity of the circuit is controlled by varying the gal- 
vanometer shunt resistance. Rio , shown in Fig. 2 (or, if necessary, by varying 
the setting of the potentiometer R; of Fig. 1). With the present circuit the 
maximum sensitivity obtainable is approximately 0.6 ohms per mm. of 
galvanometer deflection. The galvanometer may be removed from the 
measuring circuit and damped by means of the D.P.D.T. switch S, (Fig. 2). 


The Absorption Tube 


In the course of this work a number of different types of absorption tubes 
incorporating electrolytic cells were constructed from pyrex glass and tried. 
These, when used in conjunction with the alternating current bridge and the 
null method, were for the most part satisfactory in operation but naturally 
varied in sensitivity according to their resistance and the volume of absorbing 
solution that they contained. As sodium hydroxide and not baryta was 
used as the absorbing agent, the problem of dealing with carbonate precipi- 
tate did not arise. The cell electrodes were platinized in the usual way before 
use. Difficulty was experienced, however, when these tubes were employed 
with the oscillator-voltmeter apparatus described above, in which the cell 
resistance is measured by galvanometer deflection. It was found that if the 
galvanometer was switched into the circuit while the gas stream was passing 
through the absorbing tube, the movement of the solution in the cell caused 
a continuous irregular oscillation of the galvanometer spot over several centi- 
metres of the scale. The type of tube used in these later stages of the investi- 
gation was essentially the same as that described by Newton, with the excep- 
tion that the filter (which, owing to the absence of any precipitate, was 
unnecessary) was omitted. This tube is shown in Fig. 3A. The fluctuations 
in galvanometer deflection were apparently caused by the relatively rapid 
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FIG. 3. 


Fic. 3. For description see text. 
Fic. 4. For description see text. 


flow of sodium hydroxide solution past the electrodes of the cell. This was 
indicated by the fact that alterations of the velocity of the gas stream produced 
corresponding disturbances in the galvanometer fluctuations, while stopping 
the gas flow immediately resulted in the light spat coming to rest. Naturally 
such a state of affairs would render any attempt at automatic recording quite 
useless. In an endeavour to eliminate this defect a number of cells were 
constructed with the electrodes in various positions; one example is shown 
in Fig. 3B. In this tube it will be noted that three electrodes are present, 
two being in the side arms of the U-tube of the cell and placed at equal.distances 
from a third, which is at the bottom of the tube. By connecting the two 
upper electrodes together and treating them as one pole of the cell, while the 
lower electrode formed the other pole, it was hoped that the effect of the 
movement of the solution in the tube would be neutralized and so eliminated. 
Unfortunately for some unknown reason this did not occur and the disturbance 
was still present. 
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Finally the tube shown in Fig. 4 was made. In this it will be noted that 
a considerable part of the circulating liquid is by-passed through a bridge 
tube situated above the electrolytic cell. The cell is large in diameter and 
thus carries a much slower flow of liquid than did the two previously tried. 
In order to keep the cell resistance and consequently the sensitivity suffi- 
ciently high, the electrodes were made very small and were placed at opposite 
ends as shown in Fig. 4. It was found that when this tube was used the 
galvanometer spot remained quite steady while a stream of gas was passing 
through the absorption tube. It is realized that a certain time lag must occur 
in the recording of the conductivity of the absorbing solution by this arrange- 
ment but this was considered to be too small to appreciably affect results 
obtained. When a crystal of potassium permanganate was placed in the tube, 
which had been previously filled with water, the streaming of the perman- 
ganate solution showed that there was a slow steady circulation of liquid 
through the cell when air was passed through the apparatus. 

An occasional irregularity in galvanometer behaviour was found to result 
from the use of mercury contacts between the electrodes and external copper 
leads. This was found to be due to mercury creeping along the platinum 
wires at the glass seals and thus leaking into the cell. This trouble was 
eliminated by silver soldering the leads to the platinum wires before they 
were fused into the glass, so obviating the use of mercury. 


This last absorption tube takes 25 cc. of the stock N/10 sodium hydroxide 
absorbing solution and when so filled has an initial resistance in the neigh- 
bourhood of 1650 ohms. It is not by any means the most sensitive cell that 
it is possible to construct, but it is proving adequate for the work for which 
it was designed and is operating in a very satisfactory manner. 


The Absorbing Solution 


As mentioned above, the absorbing agent used in the work is a sodium 
hydroxide solution of an approximate concentration of N/10. This has been 
found most satisfactory as it gives a good measure of sensitivity and at the 
same time has adequate absorbing power to allow its use in respiration runs 
of reasonably long duration. Greater sensitivity could be obtained if neces- 
sary by increasing the dilution, but this naturally will be accompanied by 
reduced absorbing rate and capacity. 


Although Newton (5) has shown mathematically that greater sensitivity 
can be obtained by using barium hydroxide instead of sodium hydroxide, the 
present authors have found that the absence of a precipitate when sodium 
hydroxide is used weighs very decidedly in its favour. 


The stock solution is kept in a large bottle fitted with a calcium chloride 
tube and connected by means of a siphon to an automatic 25 cc. pipette so 
that contamination by atmospheric carbon dioxide, when the absorption tube 
is being filled, is reduced to a minimum. 
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Temperature Control 

As the conductivity of solutions varies with changes in temperature it is 
necessary to keep the electrolytic cell in a thermostat when measurements 
are being made. In the case of the absorption tube and cell here described, 
the whole respiration apparatus of which it forms a component, is completely 
immersed in a large water-bath electrically maintained at 25° C. by means 
of a sensitive mercury-toluene regulator and fitted with a mechanical stirrer. 


Calibration 

After trying several methods of calibration, the most satisfactory one was 
found to be, to draw measured volumes of an air—carbon-dioxide mixture of 
known composition through the apparatus and observe the change in 
galvanometer deflection produced by the absorption of the carbon dioxide. 

The gas mixture was made by adding about 80 cc. of carbon dioxide (pre- 
pared by adding sulphuric acid to a solution of sodium carbonate and using 
a Kipp apparatus as a storage vessel) to the air contained in a Winchester 
bottle. Two samples of this mixture were then removed and analysed with 
a Fisher gas analysis apparatus. The remaining portion of the mixture was 
then drawn through the absorption tube in 40 cc. fractions by means of an 
aspirator, the gas in the Winchester bottle being at the same time displaced 
with 5% sulphuric acid. A water manometer in the line between the absorp- 
tion tube and the gas bottle was used as an indicator to show when each 
40 cc. fraction had been passed. After each had been passed, the galvan- 
ometer deflection was noted and related to the amount of carbon dioxide 
absorbed. Table I and Fig. 5 give the data obtained in a typical calibration. 


TABLE I 
RELATIONSHIP BETWEEN RESISTANCE OF CELL AND AMOUNT OF CARBON DIOXIDE ABSORBED 
CO; absorbed, | Resistance increase, | CO, absorbed, Resistance increase, 
mg. | ohms mg. ohms 
0 | 0 7.00 | 145 
70 12 7.70 | 161 
1.40 25 8.40 | 
2.10 39 193 
2.80 | 54 9.80 210 
3.50 68 | 10.50 227 
4.20 | 83 | 11.20 244 
4.90 99 | 11.90 262 
5.60 113 12.60 280 
6. 


30 | 129 13.30 | 299 


It will be noted from the above table that during the calibration run the 
sensitivity of the system changed from 0.058 mg. carbon dioxide absorbed 
per ohm increase in cell resistance to 0.037 mg. carbon dioxide per ohm. 
With the galvanometer used by the authors (1 mm. deflection of which was 
produced by a change in cell resistance of 0.6 ohms) a sensitivity of approxi- 
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mately 0.01 mg. carbon dioxide absorbed was obtained, assuming an ability 
to read to 0.5 mm. on the galvanometer scale. This was found adequate 
for the particular work in hand. If greater sensitivity is desired, this can 
be obtained by using a more sensitive galvanometer. 
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40} ° 
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Fic. 5. For description see text. Initial resistance of cell = 1650 ohms. 


Automatic Recording 


It has been found possible to adapt the apparatus quite satisfactorily for 
automatic recording. The arrangement used for this purpose is quite simple 
and consists of substituting for the galvanometer scale a strip of bromide 
paper and placing in the galvanometer lamp circuit a clockwork time switch- 
that closes the circuit for about five seconds every hour. In this way an 
hourly record of the positions of the galvanometer spot is obtained; this can 
be measured to give the hourly amounts of carbon dioxide produced by the 
experimental material. The Tinsley galvanometer used was one specially 
designed with a view to this type of work. It is mounted in a light tight box 
together with its lamp and 200 mm. scale. The scale is interchangeable with 
a dark slide that holds the strip of bromide paper. Blank runs over periods 
up to 24 hr., with no respiring material in the plant chamber, show that a slow 
but regular creep of the galvanometer spot occurs in the direction that would 
denote increase in the resistance of the electrolytic cell. We have not been 
able to find an explanation of this creep, which so far has only amounted to 
about 1 mm. per hour. The occasional carrying out of such a blank run, in 
between respiration experiments, makes it a simple matter to apply a correction 
and so compensate for the error produced by this creep. 
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